
-(.\ lo ,)

~

SoS • \'1 .~ S tJ f r\. \6

~'~$"'-

f1 ~---

REPORT OF THE
UNITED NATIONS

SCIENTIFIC UOMMITTEE
ON THE

EFFEUTS OF ATOMIC RADIATION

GENERAL ASSEMBLY
OFFICIAL .RECORDS: SEVENTEENTH SESSION

SUPPLEMENT No. 16 (A/52161

UNITED, NATIONS



REPORT OF THE

UNITED NATIONS

SCIENTIFIC COMMITTEE

ON THE

EFFECTS OF ATOMIC RADIATION

GENERAL ASSEMBLY
OfFICIAL RECORDS : SEVENTEENTH SESSION

SUPPLEMENT No. 16 (A/5216l

UNITED NATIONS
New York, 1962



NOTE

Throughout the present report and the annexes thereto, references to the
annexes are indicated by a letter followed by a number: the letter denotes the relevant
annex and the number the paragraph therein. Within each annex, references to its
scientific bibliography are indicated by numbers.

Symbols of United Nations documents are composed of capital letters com
bined with figures. Mention of such a symbol indicates a reference to a United
Nations document.
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CHAPTER r

INTRODUCTION

Constitution and terms of reference of
the Committee

1. The Scientific Committee on the Effects of Atomic
Radiation w~s established by the General Assembly at
Its tenth session on 3 December 1955, under resolution
913 (X}, as a result of debates held in the First Com
mittee from 31 October to 10 November 1955. The terms
of reference of the Committee were set out in paragraph
2 of the above-mentioned resolution by which the
General Assembly requested the Committee:

"(a) To receive and assemble in an appropriate
a.nd use£u~ form the following radiological informa
tion furnished by States Members of the United
Nations or members of the specialized agencies:

" (i) Reports on observed levels 0 f ionizing radia
tion and radio-activity in the environment i

"(ii) Reports on scientific observations and experi
ments relevant to the effects of ionizing radiation upon
man and his environment already under way or later
undertaken by national scientific bodies or by authori
ties of national Governments;

"( b) To recommend uniform standards with re
spect to procedures for sample collection and instru
mentation, and radiation counting procedures to be
used in analyses of samples i

"(c) To compile and assemble in an integrated
manner the various reports, referred to in sub-para
graph (a) (i) above, on observed radiological levels i

"Cd) To review and collate national reports, re
ferred to in sub-paragraph (a) (ii) above, evaluating
each report to determine its usefulness for the pur
poses of the Committee i

"ee) To make yearly progress reports and to de
velop by 1 July 1958, or earlier if the assembled facts
warrant, a summary of the reports received on radi
tian levels and radiation effects on man and his en
vironment together with the evaluations provided for
in sub-paragraph Cd) above and indications of
research projects which might require further study;

"(I) To transmit from time to time, as it deems
appropriate, the documents and evaluations referred
to above to the Secretary-General for publication and
dissemination to States Members of the United
Nations or members of the specialized agencies."

2, The Committee consists of Argentina, Australia,
Belgium, Brazil, Canada, Czechoslovakia, France, India,
Japan, Mexico, Sweden, the Union of Soviet Socialist
Republics, the United Arab Republic, the United King
dom of Great Britain and Northern Ireland and the
United States of America.

Activities of the Committee

FIRST COMPREHENSIVE REPORT

3. In the course of its first four sessions, the Com
mittee prepared a comprehensive report," which it ap-

* Official Records of the General Assembly, Thlrteentb Ses
SiOll) SI~P/JlementNo. 17 (A/3838).
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proyed on 13 June 1958 during its fifth session, and
whl.ch the General Assembly noted with satisfaction
dunng ItS thirteenth session, on 13 December 1958,
under resolution 1347 (XIII). In that resolution the
~neral Assembly: (1) commended the Scientific Com
rnittee on the Effects of Atomic Radiation for its work
and for the va~uable rep.or~ which it had presented i
(2) expressed Its appreciation to the United Nations
age?cies, t~ th~ international non-governmental and the
national scientific organizations and to the individual
scientists who had assisted the Committee in its wor!;'
(3) urged all concerned to take note of the suggestions
m~de and the views expressed in the report of the Corn
mittee : (4) decided to request the Committee to con
tinue its useful work, and to report to the General
Assembly a~ appropriate; (5) requested the Committee
to consult WIth the other agenciesand organizations con
cerned on projects within its sphere of activities so as to
avoid the duplication of work and ensure effective
co-ordination i (6) calledupon all concerned to assist the
Committee by making available to it reports and studies
relating to the short-term and long-term effects of ioniz
ing radiation upon man and his environment and radio
logical data collected by them, and by pursuing such
investigations as might broaden world scientific knowl
edge in that sphere and by transmitting their results to
the Committee; (7) requested the Secretary-General to
continue to provide the Committee with the assistance
necessary for the conduct of its work.

4. In conformity with this resolution, the Committee
continued its technical deliberations, based both on infor
mation obtained from the current scientific literature and
on data made available to the Committee by Member
States and by the specialized agencies, the International
Atomic Energy Agency (IAEA) and various non-gov
ernmental bodies, in particular the International Com
mission on Radiological Protection (ICRP) and the
International Commission on Radiological Units and
Measurements (ICRU). The Committee also pursued
its activity in the field of standardization of reference
samples of various materials containing strontium-90,
which was initiated in 1957.

SECOND COMPREHENSIVE REPORT

5. At its sixth session, the Committee considered its
future work within the terms of reference set out by
the General Assembly, expressed its intention to submit
a further comprehensive report to the General Assembly
in 1962 and invited the Food and Agriculture Organiza
tion of the United Nations (FAO), the World Health
Organization (WHO), the ICRP and ICRU to under
take, each within its own competence, such specified
studies as the Committee felt were relevant to the prob
lem of the effects of radiation on man.

6. The Committee also suggested that a seminar on
use of vital and health statistics for genetic and radiation
studies be held under the joint sponsorship of the United
Nations and WHO. This Seminar was held in Geneva



from 5 to 9 September 1960, and was .attended.by sixty
five scientists. Its proceedings ar~ ~emg pubhshed and
the Committee notes with appreCiatIOn th?t WHO, c.o
sponsor of the Seminar, greatly contnbuted to Its
success.

7. At its seventh and eighth sessions, the Committee
discussed:

(a) The physical aspects of fall-out;
(b) Physical and biological problems concerni~g the

transmission of fission products through food chains:
(c) The relationships between radiation doses and

effects, particularly at low doses;
(d) Physical and biological problems concerned with

carbon-14;
(e) Genetic problems;
(I) Dosimetric problems;
(g) Content and preparation of the Committee's sec

ond comprehensive report;
(h) Results of the Seminar on L!se. of Vit~l and

Health Statistics for Genetic and Radiation Studies.
In connexion with topic (h) above, the Committee ex
pressed its support of the consensus of the parti~ipants
in the Seminar, on ways in which greater use might be
made of existing information. This consensus was
appended to its annual progress report to the General
Assembly for 1960 (A/4528).

8. In response to sections I and III of General
Assembly resolution 1376 (XIV), the Committee, at its
seventh session, requested its Secretary to address a
letter to States Members of the United Nations and
members of the specialized agencies and of the lAEA,
outlining the type of data on environmental contamina
tion needed from certain areas, and mentioning those
fields of biological research in which large-scale col
laborative investigations are required. In pursuance of
the Committee's request a letter, dated 7 April 1960,
was sent to the above-mentioned States by the Secretary
(see annex K).

9. In further response to sections II and III of resolu
tion 1376 (XIV) of the General Assembly, the Com
mittee also discussed, at the following session, appro
priate arrangements for the purpose of stimulating the
flow of information and data of the type already con
tained in its comprehensive report and for encouraging
genetic, biological and other studies, including those
concerned with carbon-Le, that would elucidate' the
effects of radiation exposure on the health of human
populations. The results of its discussions were sub
mitted to the General Assembly in a report which was
also appended to the Committee's annual progress report
for 1%0. The report suggested ways and means whereby
the Committee's requests for relevant information could
best be channelled, in the respective countries, to the
appropriate national scientific organizations and committees, as well as to individual scientists.

10. During its ninth and tenth sessions the Com
mittee consider~d preliminary drafts of the present re
port. Between Its tenth and eleventh sessions as re
quested by the General Assembly in part I of resolution
1629 (XVI), the Committee gave its attention to the
possibility of submitting an interim report to the General
Assembly but considered that the facts at its disposal did
not caIl for such a report. The Committee did however
meet the urgency expressed in the resolutio~ by accel~
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erating the completion of the present report, which it
adopted at its eleventh session on 23 March 1962.

11. In response to a request from the Secretary-Gen
eral of the World Meteorological Organization
(WMO), the Committee at its eleventh seSSIOn gave
consideration to a draft plan proposed by WMO for the
implementation of part II of General Assembly resolu
tion 1629 (XVI). The Committee requested its Secre
tary to transmit to the Secretary-General of WMO .a
general statement, which it had adopted, III reply to hIS
request for consultation.

12. Since its 1958 report, the Committee, following
the recommendation contained in paragraph 2 of resolu
tion 913 (X) and in paragraph 4 of resolution 1347
(XIII) of the General Assembly, has submitted yearly
progress reports to the General Assembly.

Sources of inform.ation

13. The reports submitted before 10 March 1962 by
and through States Members of the United Nations and
members of the specialized agencies and of the IAEA, as
well as reports of the agencies themselves and of various
other non-governmental bodies, are listed in annex J.
These reports were supplemented by a number of other
reports and publications contributed by various indi
vidual scientists and laboratories. The information re
ceived or collected was evaluated and interpreted in the
context of the current scientific literature.

14. The Committee is gratified that, in response to
section IV of General Assembly resolution 1376 (XIV),
Governments of a number of Member States, IAEA and
WHO informed the Committee that they had made
known to other Governments the extent to which they
were prepared, at the request of other Governments, to
receive and analyse samples in accordance with the pro
gramme of the Committee. The offers of assistance
which were communicated to the Committee before 10
March 1962 are listed in annex 1.

Organization of the work of the Committee

15. The officers serving prior to the sixth session are
listed in the first comprehensive report. Dr. R. M. Sie
vert of Sweden and Dr. V. R. Khanolkar of India
served as Chairman and Vice-Chairman, respectively, of
the sixth and seventh sessions. Dr. M. Martinez Baez of
Mexico and Dr. F. HerCik of Czechoslovakia served as
Chairman and Vice-Chairman, respectively, of the
eighth and ninth sessions, and Dr. F. Hercik and Dr. K.
Tsukamoto of Japan served as Chairman and Vice
Chairman, respectively, at the tenth and eleventh ses
sions of the Committee. The scientists who have taken
part in the preparation of the report as members oi
national delegations are listed in appendix 1. During the
eleventh session Dr. D. J. Beninson of Argentina and
Dr. M. E. A. El Kharadly of the United Arab Republic
were elected Chairman and Vice-Chairman, respectively,of the Committee. -

16. As in the past, the Committee set up ad hoc groups
of specialists to deal with top.ics f~lling within their
specific competence. The technical discussions and the
evaluation of the information submitted to the Commit
tee Were informal and no detailed record of these discussions was taken.



Relations with agencies of the United Nations and
other international organizations

17. The Committee wishes to acknowledge the valu
able contributions made to its deliberations and to the
preparation of the present report by the agencies of the
United Nations and various non-governmental organi
zations. In response to an invitation by the Committee,
FAO submitted a report on the radio-active contamina
tion of the food chain, WHO a report on questions
relating to the hereditary burden of human populations,
while ICRP and ICRU prepared, at the request of the
Committee, under a special service agreement with the
United Nations, a report on the exposure of man to
ionizing radiations arising from medical procedures,
with special reference to radiation-induced diseases, and
WMO organized a panel discussion with a number of
leading meteorologists on the factors governing the dis
tribution of nuclear debris in the atmosphere, which
was held during the seventh session of the Committee;
IAEA submitted a series of reports dealing with the
problem of disposal of radio-active wastes.

Scientific staff

18. The Committee was greatly assisted in its work
by a scientific staff provided by the Secretariat, which
was responsible for presenting to the Committee in a
useful form the data submitted by 'Governments and
other bodies, and for seeking relevant information from
individual laboratories and scientists. As requested by
the Committee at its first session, the scientific staff has
been recruited for short-term appointments which both
enabled highly qualified scientists actively engaged in
research to assist it, and ensured, through rotation of
the assignments, a broad geographical distribution among
Member States.

19. A number of experts have acted as consultants
:or shorter periods of .time and many scientists have
:ontributed to the work of the Committee on a volun
ary basis.

20. While the responsibility for the preparation of
he report rests entirely with members of the Commit
ee, they wish to acknowledge the help and advice re
eived from other scientists whose names are listed in
ppendix Il. The Committee's report owes much to their
o-operation and goodwill.
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Preparation of the report

21. In its first comprehensive report, the Committee
emphasized that, as knowledge in its field of inquiry
increased, modifications and amplifications of that re
port would become necessary. Since 1958, new factors
have emerged and many experimental results have been
obtained. Rather than issue a revised version of the
report, the Committee decided, at its eighth session, to
prepare an entirely hew and self-contained document.
At that session, the Committee agreed on the broad out
line of the report and requested the Secretariat to pre
pare first drafts of the annexes of the report under the
guidance of groups of delegates nominated by the Com
mittee itself. It also requested the Secretariat to prepare
subsequently a first draft of the report, which would
be based on the text of the annexes. The ninth and tenth
sessions of the Committee were entirely devoted to the
consideration of these drafts, the final form of which
was adopted at the eleventh session.

Scope of the report

22. The present report is intended to review the cur
rent knowledge of the effects of radiation on man and
his environment and to emphasize the future investiga
tions that are most urgently needed. Chapter II sum
marizes the background information in physics, biology
and fundamental radio-biology, which is needed to un
derstand the following chapters. Chapters III and IV
describe the effects of irradiation on the individual
(somatic effects) and on the progeny of irradiated
individuals (hereditary effects). The present and fore
seeable amounts of irradiation to which human popula
tions are subjected are summarized in chapter V and
the doses of radiation from various sources are com
pared in chapter VI. Chapter VII summarizes the
evaluations and conclusions of the Committee on the
problems discussed in earlier chapters.

23. As in the first report, the main text of the present
one is accompanied by a number of annexes in which
technical aspects of the problems with which the Com
mittee is concerned are discussed in greater detail
against the background of the current scientific infor
mation. The purpose of the annexes is to provide full
justification for the statements made in the main text,
rather than to cover exhaustively the subjects relevant
to the field of study of the Committee.



CHAPTER II

PHYSICAL AND BIOLOGICAL ASPECTS OF THE INTERACTION
OF IONIZING RADIATION WITH MATTER

1. Discussion of the effects of radiation on human
populations requires an elementary kn?wledge of physics
and biology and of the relevant terminology. The pres
ent chapter is intended to meet this requirement as well
as to give such a description of the processes induced
by radiation in cells as is necessary to make the follow
ing chapters understandable,

2, Formal definitions of physical quantities and units
are given in annex A and a detailed account of the
interactions between radiation and living matter at the
cellular and molecular level in annex B.

Physical aspects

TYPES OF IONIZING RADIATIONS

3. Radiation is one way in which energy is emitted
and transferred. While the term radiation refers to a
wide range of modes of emission, propagation and ab
sorption of energy, this report on the effects of ionizing
radiations will be concerned specifically with alpha rays,
beta rays, gamma rays, X-rays, neutrons, and all those
forms of radiation occurring in cosmic rays.

4. These radiations may be considered jointly as they
all give rise, either directly or indirectly, to a common
phenomenon, ionization, when they interact with mat
ter. Ionization is the removal of electric charges from,
or their addition to, electrically neutral atoms and mole
cules, which then become either negatively or positively
charged. In this process molecules may split into sepa
rate fragments of either charge. Electrically charged
atoms, molecules or fragments of molecules are called
ions.

5. Despite the common result of their interacting with
matter, the radiations considered in this report are suffi
ciently different in their origin and physical properties
to warrant separate description. X- and gamma rays are
electro-magnetic waves like light; other radiations con
sist of streams of individual particles. Alpha, beta and
gamma rays and occasionally other radiations are
emitted during nuclear disintegration. Unstable nuclei*

'"Atomic nuclei are complex structures forming the core of
atoms, They are made up of positively charged protons and elec
trically neutral neutrons which are both elementary particles of
approximately the same mass as the hydrogen atom. A nuclide
is a species of atom characterized by the number of protons and
the number of neutrons contained in its nucleus, The positively
charged nucleus is surrounded by a number of negatively
charged electrons which move in orbits around it. The charge
of the electron is the same as that of a proton but of opposite
sign so that the number of orbiting electrons in neutral atoms
is equal to the number of protons in the nucleus. These orbital
electrons participate in the formation of chemical bonds. The
number of protons defines the chemical element to which the
atom belongs. For a given element, various nuclides with the
same chemical properties may be recognized which differ only
in the number of neutrons and therefore in the mass of their
nucleus. These are called isotopes of the element.
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are in one or in a sequence of such disintegrations, con
verted to stable nuclei. Intermediate nuclides arising in
a series of disintegrations are called radio-active dmtgh
ters.

6. Nuclear disintegrations of an unstable isotope do
not occur in all atoms at the same time. They are random
events occurring with a certain probability per unit time.
The time required for 50 per cent of the atoms of a
nuclide to disintegrate is a measure of the rate of dis
integration and is called the half-life. It is constant and
characteristic of the nuclide, and it may range from
over a thousand million years to a small fraction of a
second.

7. The activity of a radio-active sample is determined
by the number of distintegrations occurring per unit
time. The unit by which it is usually expressed is the
curie. One curie corresponds to 3.7 X 1010 distintegra
tions per second. A millicurie, a microcurie and a micro
microcurie (or picocurie) correspond to 3.7 X 107

, 3.7
X 104 and 0.037 disintegrations per second, respectively.
It is convenient to remember that one micrornicrocurie is
approximately two disintegrations per minute. It should
also be noted that radio-nuclides of very long half-lives
show only a slight radio-activity per unit mass (e.g. one
curie of uranium-238 with a half-life of 4.5 X 100 years,
has a weight of three tons, whilst one curie of radium-226
with a half-life of 1.63 X 108 years, has a weight of
one gram and one curie of iodine-131 with a half-life
of 8 days has a weight of 8 micrograrns ) .

8. Alpha rays are positively charged particles (helium
nuclei) emitted with definite and characteristic kinetic
energy by nuclei of some radio-nuclides during disin
tegration. Alpha rays produce dense ionization in matter
but their range, or penetration, is small, usually less than
0.1 mm in water and in living tissues.

9. Beta rays are electrons emitted by nuclei of certain
radio-active nuclides. t They also produce ionization in
the matter through which they pass. The range of beta
rays, however, is much greater than that of alpha rays.
Few radio-active nuclides emit beta particles of range
greater than 2 cm in water and in living tissues, and
none of range greater than 8 cm.

10. Gamma rays are electro-magnetic radia tion emitted
by nuclei of some radio-active nuclides; they have defi
nite energies characteristic of the nuclide by which they
are emitted. Gamma rays ionize matter indirectly
through the ejection of high speed electrons from the
material in which they are absorbed. These electrons
may be ejected at a considerable depth in matter; each
electron then dissipates its energy within a short dis
tance (from less than a millimetre to a few centimetres
depending on its energy). No definite range can be given
for gamma rays since they penetrate any thickness of
matter but with progressively decreasing intensity. The

t In many cases beta rays consist of particles of the same mass
as the electrons, but of opposite charge.



thickness of matter required to decrease the gamma-ray
intensity by one-half is known as the half-value thick
ness.

11. X-rays are also electro-magnetic radiation and
interact with matter and produce biological effects in
the same way as gamma rays. They differ from gamma
rays only in that emission is extra-nuclear rather than
nuclear. In practice, X-rays are usually produced by
retardation of high speed electrons in the anode of an
X-ray tube. These electrons have been accelerated by
the application to the tube of a difference of potential,
the magnitude of which determines the maximum
energy of the Xvrays produced and, therefore, their
penetrating power. The X-rays used for diagnostic
medical procedures are less energetic and less penetrat
ing than gamma rays from most radio-active nuclei. It
is possible, however, using special electron-accelerating
machines, to generate X-rays that are more penetrating
than gamma rays from any radio-active nuclei.

12. Neutrons are constituents of atomic nuclei, from
which they are ejected during nuclear processes such
as fission (para. 20). Neutrons are uncharged and can
not produce ionization directly.

13. Fast neutrons (of energy greater than 10 keY)
lose energy mainly by collision with nuclei of light atoms,
especially those of hydrogen. These nuclei recoil and,
being charged, produce ions as they dissipate the energy
transferred from the neutron. The transmission of
energy from fast neutrons to recoil nuclei can take place
at a considerable depth in tissue; like X-rays and gamma
rays, fast neutrons have no definite range.

14. Slow neutrons have little energy to lose in colli
sion with nuclei. They interact with matter mainly by
nuclear reactions that result in emission of charged par
ticles or gamma rays while new nuclides (some of them
radio-active) are produced. Matter is ionized by .th~se
particles or gamma rays as well as by the radiation
emitted during the subsequent disintegration of the m
duced radio-isotopes.

15. Cosmic raysE4-5 reach the earth from outer
space; they consist of a complex group of heavy t;>a;
tides with different energies, of galactic and solar ongm
(primary cosmic radiation). The highly energetic frac
tion of primary radiation interacts with atoms presel7't
in the upper atmosphere giving rise to secondary cosmic
radiation which is composed of particles and of electro
magnetic radiation. Each component of secondary cos
mic radiation produces ionization in its o~n characte:
istic manner. The low energy fraction of primary cosmic
radiation, trapped by the magnetic field of ~e earth,
becomes part of the inner and outer belts that girdle the
globe at two different altitudes.

ENERGY OF RADIATIONS

16. The energy of radiation is normally measured in
electron-volts (eV) and its multiples, kiloelectron-volts
(keV = 103 eV), and million electron-volts (MeV =:=
10B eV). It may be emphasized that the electron v~lt IS
a unit that may be used for any ~d?d of. energy, radiant,
thermal, kinetic, etc., although It IS primarily used for
ionizing radiation.

EXTERNAL AND INTERNAL IRRADIATION

17. Radiation sources may give rise to external and
internal irradiation of living beings. In the former,
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radiation reaches the body from sources outside it. In
the latter, radiation comes from radio-active materials
incorporated within the body after ingestion, inhalation,
injection, etc.

18. In external exposure, highly penetrating radia
tions are generally the most significant although, in cer
tain circumstances, hard beta radiation from outside the
body may reach important tissues such as the male
gonads or the lenses of the eyes. Alpha and beta radia
tions are usually more significant in internal exposure,
since radio-active substances may enter into the metabo
lism of the organism and become preferentially depos
ited in particular organs rather than being uniformly
distributed throughout the body. In these circumstances,
even short range particles can damage these or adj acent
organs. Critical organs are those for which the effects
of radiation, under any given conditions of exposure,
are most likely to cause impairment of essential body
functions, because of the radio-sensitivity, the level of
radiation exposure, or the importance of such organs in
body function.t

NUCLEAR REACTIONS

19. Radio-active materials occur naturally in the en
vironment, but man has recently been adding to this
natural radio-activity by artificially producing radio
active atoms on a considerable scalemainly through two
reactions, nuclear fission and nuclear fusion.

20. Fission is the splitting of a heavy nucleus into two
fragments with release of energy. Whil~ with a f~w
nuclei fission may occur spontaneously, It, may be Ill

duced artificially in a range of heavy n!1c!eI by n~utron
interaction. As a consequence of fiSSIOn, two lighter
nuclei are produced accompanied by one or more neu
trons. Some of these neutrons may in turn be made to
interact with neighbouring: nuclei ~o. produce .further
fissions and, under appropriate condI~lons, a <;ham reac
tion may be started. When the cham. rea~tlOn occurs
quasi-instantaneously, a nuclear eXpl?SlOn IS ,Pro.duced.
In nuclear reactors, however, the chain reaction I.S con
trolled, so that the, energy released can be used indus
trially or for research purposes. The rel~ase of sub
stantial amounts of energy by the fiSSIOn process,
whether controlled or explosive, is accompanied by !he
production of large quantities of radio-active fission
products.

21. In [wsio« processes two light nuclei are made to
react to produce one heavier l7'uc1e~s. -r:he total amo~nt
of energy that may be obtained IS high ; few radio
active nuclei are directly produced b.ut their formatIOn
is usually accompanied by the emISSIOn of neutrons.

22. Neutrons emitted in fusion. 0.1' fission may react
with nuclei in the environment, g~vmg rise t~ ~he for
mation of radio-active nuc1ides (tnduc~d actw~ty). In
particular, when neutrons are released Ill~O the. atmos
phere they are likely to. reac~ WIth ~uc1eI of nitrogen,
and give rise to the radIO-active nuclide carbon-14.

RADIATION DOSES AND UNITS§

23. Rod. When matter, including living.matter, is ex
posed to any ionizing radiation, the resulting effects de
pend on the energy absorbed in the exposed object. The

t Th definition of critical organ given here essentially corre
spondsewith the fuller definitions given by ICRP (report of the
Commission, 1958; report of.Con~mlttee n, 1959).

§ Formal definitions are given 111 annex A.



amount of radiation received by a given tissue is there
fore defined as the energy absorbed per unit ~ass of
the tissue; this is called the absorbed dose and is meas
ured in rad.

24. Roentgen. In some cases, for instance i~ medical
radiology, the quantity of X- or gamm~ r~ys ~s usually
measured in terms of the number of ionizations pro
duced by those radiations in a given mass of air under
certain conditions. This quantity is called exposure dose
and its unit is called roentgen. In this report, when the
term "dose" is used it shall be understood to refer to
"absorbed dose" except where the possibility of c01;fu
sion makes it necessary to use the complete expression.

25, Relat'ive biological effectiveness. Despite the.ba~ic
similarity of their interaction with living m.atter? lOm~

ing radiations of different kinds and en~rgles ~hffe~ m
that the dose required to produce a grven biological
effect (e.g. cell death or lens opacity) may vary. TJ1e
relative biological effectiveness (RBE) of one. radia
tion with respect to another lS defined as ~he inverse
ratio of the respective doses necessary to bnng about a
given effect. If, for a certain biological system, the RBE
of alpha rays is 10, this means that for such syst~m, a?
alpha-ray dose of 0.1 rad will produce the s~1ll;e biologi
cal effect as one rad of the reference radiation, Con
ventionally, X-rays within a certain energy range are
used as the reference radiation. It must be understood
that values of RBE strictly apply only to those condi
tions under which measurements are made, since the
RBE for two given radiations can vary with a number
of factors, including the effect being observed, the dose
level and the dose rate. .

26. Rem. For purposes of radiation protection, and
the calculation of maximum permissible levels, values
of RBE have been adopted for various types of radia
tion to allow for the greater effectiveness of these radia
tions in causing harmful effects. The dose in rad mul
tiplied by the relevant RBE factor is termed the RBE
dose and is expressed in rem. 11

27. A similar method is useful when it is necessary
to compare the biological importance of doses of dif
ferent types of radiation, or to give a biologically rele
vant dose for a total exposure to which different forms
of radiation contribute. In neither case is it strictly ap
propriate to use the RBE values that are intended for
protection purposes and hence are designed to express
the maximum likely effectiveness of a radiation in caus
ing any harmful effect under the conditions of exposure
relevant to protection work. Since the RBE of a given
radiation may vary according to the type of effect con
:sidered, as well as with the dose level, dose-rate, species
examined, and various other factors, a special value of
RBE should ideally be used for each situation. This
would be impossible in the present state of knowledge
as well as unmanageable in a general account of radia
tion effects. For purposes of either comparing or sum
mating doses of different types of radiation, therefore,
the RIlE factors adopted for protection purposes are
used in this report. For all other purposes, e.g. when the
effect of anyone particular form of radiation is reported
(as in chapter III and in annex D), it is more appro
priate to quote the absorbed dose directly (in rad) since
further assumptions as to the effectiveness of one, rela
tive to other types of radiation, are here unnecessary
and irrelevant.

28. Dose-rate. Since radiation may be delivered over

I1 The values of these RBE factors are given in annex A.
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a varying and sometimes extended period of time, either
the total dose over that period may be considered, or
the dose delivered per unit time, "Yhic~ is called the
dose-rate. The importance of considering both dose
rates and total doses when dealing with protracted ir
radiations will become apparent later in this report.
Dose-rates are expressed in rad, rem or Toentg~n per
unit time (e.g. per minute, per hour, etc.) depending on
the dose unit used.

29. Distinction betureen. activity and dose. It is ~s~en
tial to bear in mind the distinction between "activity"
measured in curies (para. 7) and dose, measured in rad
or rem. Activity is defined in term.s of ~he numb~r <;,£
disintegrations occurring in the radio-active matenal m
a given time; such disint~grationsm,ay.be accon:panied
by the emission of a vanety of radlatl?ns of different
qualities and energies. Dose, howe:,er,.ls .a measure of
energy absorbed at some gIven point m tissue.

Biological aspects

30. Organisms are made of. cells, the nu~ber of
which may range from one (umcellular orgal~lsms) to
many billions (multicellular organisms). This report
deals mainly with multicellular organisms and, unless
otherwise stated, the word organism will indicate a mul
ticellular one.

31. In multicellular organisms cells differentiate dur
ing embryonic development into tissues, each with a
specialized function; different tissues may be assembled
to form specific functional and morphological units,
systems and organs.

32. While the action of noxious agents affects in
dividual cells, the over-all result of such action has much
wider repercussions in complex organisms. These must
in fact be viewed as integrated units where each change
in any constituent reflects to a lesser or greater extent
on the whole.

33. Most cells contain a recognizable nucleus and
surrounding cytoplasm. Both nucleus and cytoplasm are
highly complex; they contain about 70 per cent water
as well as other small molecules such as sodium chloride.
and more complex molecules. Threadlike structures
the chromosomes-become apparent in the nucleus dur
ing division; their number is fixed for each species. The
hereditary factors, the genes, are located linearly along
these chromosomes. Chromosomes consist mainly of
deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA) associated with protein to form nucleoproteins.
DNA is believed to be the essential constituent of the
genes, whereas RNA carries the information from nu
clear DNA to the cytoplasmic structures. Among these.
mitochondria and ribosomes, which consist mainly of
proteins and nucleoproteins, are the site of intense meta
bolic activity. Their integrated operation is a condition
for normal cell function.

34. Individual organisms generally develop from
single cells through binary divisions (mitosis). In bi
sexual species the original cell, called a zygote, is the
product of a process of fusion (fertilization) between
two cells, called gametes, contributed by male and fe
male, respectively, and originating in the gonads (testes
and. ?val:ies). After the first few divisions following
fer~lhza~lOn t~e cel1ul~r progeny of the zygote differ
entiates 111to different hoes. One of these lines eventually



giyes rise either to male (sperms) or female (eggs)
gametes and is called the germ line, all other lines being
called somatic. Since the zygote originates from the
union between gametes, it constitutes a material bridge
between successive generations, whereas the somatic
cells of an individual are destined to die when the in
dividual has completed its life-course.

35. The inherited characteristics of cells and or
ganisms are determined by genes. They are character
ized by an inherent stability which ensures that at each
duplication two identical genes are produced. The
stability is not absolute, however, and changes of a gene,
resulting in an alteration in some hered-itary. character
istic, can occasionally occur. Such changes are called
gene mutations; their frequency is increased by a num
ber of chemical and physical agents, ionizing radiations
being among the most studied mutagens.

36. Cellular division is accompanied by duplication
of the chromosomes and their separation into daughter
cells. Radiation damage to the chromosomes themselves
may also be observed. These are called chromosome
mutations or chromosome aberrations and consist of
breaks of chromosomes and their consequences. Chro
mosome mutations may also result from. unequal distri
bution of chromosomes during cell division.

37. Somatic cells contain two sets of chromosomes,
one inherited through the sperm of the father, the other
through the egg of the mother. Since the zygote origi
nates from the. union of two gametes, the chromosomes,
and therefore the genes, would double at each genera
tion if, during their development, cells of the germ line
did not undergo a process of reduction. Cells with two
sets of genes thus give rise to gametes having only one
set through a sequence of two divisions called meiosis.
As a result of meiosis one chromosome from each pair,
irrespective of its paternal or maternal origin, goes to
form a gamete.

38. The gametes, which contain one set of chromo
somes, are called haploid cells, whereas germ-cells prior
to meiosis (oogonia and spermatogonia) and somatic
cells, contain two sets and are called diploid. The ploidy
of a cell represents the number of haploid sets of chro
mosomes contained in its nucleus. Polyploids, cells with
ploidy higher than two (triploids, tetraploids, etc.) are
known in some organisms and tissues. Malignant tis
sues, as a rule, have some cells with chromosome num
bers different from those of normal cells.

39. The distinction between germ cells and somatic
cells is important, since injuries produced in somatic
cells will be confined to the individual, whereas those
affecting germ-cells can be transmitted to the next gen
erations, and may therefore give rise to hereditary
effects. Since somatic cells give rise to cellular progenies
which can be affected by damage to their genetic mate
rial (somatic mutation) and perpetuate such damage
wi thin the individual, it is evident that"genetic" effects
can be produced in both somatic and germ cells. In the
present report the expression "genetic effects" will refer
to genic or chromosomal alterations irrespective of their
occurring in somatic or in germ cells. The term "heredi
tary effects" will be limited to those genetic effects that
can be transmitted to the next generation.

40. Cells of different organs and tissues 1iffcr .widely
in their morphology, metabolism, and proltferat1ve ac
tivity. Cells of the nervous system, which divide du;ing
the embryonic life, practically cease to do so after b~rth,
whereas the cells lining the digestive tract are continu
ally replaced.
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41. Also rapid is the renewal of the circulating blood
cells, erythrocytes, leukocytes, and platelets, which are
continuously supplied by the blood-forming tissue. Un

-like the active blood-forming system which is localized
in specific organs, red bone-marrow and lymph nodes,
another system associated with it, the reticulo-endothelial
system, is present throughout most tissues. One of its
main functions is to scavenge the tissues of cellular
debris and of particulate foreign substances.

Effects of ionizing radiation on cells

42. Comprehension of the action of radiation on liv
ing cells is still far from complete and is limited by lack
of knowledge of the normal cellular structures and func
tions likely to be injured. Cellular radio-biology cannot
be separated from cellular biology; any progress in
either discipline can be expected to be accompanied by
advances in the other.

43. The achievements of biochemistry and biophysics
in the past few years have meant a remarkable progress
in cellular biology and have enabled us to obtain a bet
ter picture of the complex chain of events initiated when
cells are irradiated. A detailed discussion of these events
is given in annex B. Here only those will be mentioned
which are necessary to follow the argument of the next
chapters of the report. The main end-effects of irradia
tion in cells will also be briefly described and an ac
count will be given of the factors which may alter the
response to radiation.

44. Radiation-induced injuries are largely non
specific; many other agents, both physical and chem
ical, are able to cause the same effects as those produced
by radiation.

45. The first effects of radiation on living matter are
physical, in that they affect atoms and molecules irre
spective of their arrangement in living structures.Pv"
A result is the splitting of molecules into fragments
known as radicals and ions. These fragments are de
prived of the chemical stability characteristic of the
original molecule.

46. Radicals may interact both between themselves
and with unaltered molecules, thus giving rise to new
chemical compounds and upsetting the chemical balance
of cells." 36-03 Since water constitutes about 70 per cent
of the cell, radicals arising from the splitting of water
molecules are important in the initial chemical changes
induced by radiation.

47. All the essential constitutents of cells and in par
ticular complex molecules like proteins" 62-78 and :r:ucleo
proteins,B33-s3 may be aff~c~ed through .th.e act.lOn of
radicals. They may also be injured by radiation directly,
however, without the intervention of radicals. The re
spective role of the direct and ~ndir~ct action of radiation
in bringing about cellular lesions 1S not yet clear j it 1S
probable that in most effects both modes of action
operate.B 23-26

48. Radiation damage can also be caused by decay of
a radio-active nuclide incorporated into cellular constitu
ents.B216-225 The localization of such a nuclide in cellular
structures is therefore important. An example is carbon
14 a nuclide with a very long half-life, which decays,
on' emission of a beta particle, to the stable nitrogen-14.
The beta emission may obviously give rise to radiation
effects. However, since carbon is a basic constituent of
all essential living structures, it has also been suggested



that the change of carbon-14 into nitrogen ",:il1 some
times occur in a key molecular structure; th~s ~hange
may appreciably add to the effects of the radiation re
leased by that nu~lide in the ~orm of beta particles.
Although direct evidence regarding the effects of trans
mutation of carbon-14 is still limited, the localeffects of
disintegrations have been convincingly demonstrated
with other isotopes such as phosphorus-32.

49. Depending on the dose of radiation, pr~cesses
leading to the synthesis of essential cellular constituents
are retarded to varying degrees and may even be com
pletely inhibited; this is particularly .true ~or the syn
thesis of nucleic acids.Bl1O-1B2 The integrity of these
synthetic mechanisms is essential for the maintenance of
morphological struct~~e? and fo: er;s~ri~g growth and
division of cells. Inhibition of mitosis is, 111 fact, one of
the earliest effects of irradiation, but probably most
cellular functions and structures are to a greater or
lesser extent impaired by radiation.B108-m Cellular death
is an over-all and ultimate result of irradiation; it can be
brought about by different mechanisms, and has in some
cases been ascribed to nuclear damage, in the form of
chromosomebreaks.

50. Chromosome breaks sometimes repair through re
joining of the broken ends shortly after the breakage
event; however, a proportion fail to repair. Fragments
of chromosomes may be lost if cellular division takes
place before healing; then the damage becomes perma
nent.B207-Z13 Certain rearrangements of chromosome
material through union of broken ends in new combina
tions may likewisecause death at cell division (para. 57).

51. The particular effectiveness of irradiation of the
nucleus as compared to that of the cytoplasm might be
due to the fact that the nucleus contains the chromo
somes, each of which usually occurs only once or twice
per nucleus. Cytoplasmic structures on the other hand
normally occur in great numbers so that the elimination
of one or more of them may be of less consequence. The
role of cytoplasmic damage should however not be dis
counted, since such damage can be held responsible for
some cases of cellular death. It is, however, much more
difficult to prove, as only exceptionally do radiation
induced morphological changes in the cytoplasm become
apparent. Yet, the mere fact that metabolic processes are
always affected by radiation, and that most of these
processestake place in the cytoplasm, suggests that cyto
plasm mayhave more critical importance than suspected.

52. Extensive quantitative work has been done on the
dependence of the frequency of cellular death on
dose.B10-Bo When a cell population is exposed to radia
tion, a fraction only of the cells becomes unable to re
produce, the size of the fraction depending on dose. It
is not predictable whether an individual cell will fail to
reproduce, but the proportion of deaths reflects the
probability that individual cells may be killed. At low
doses proportionality between dose and fraction of cells
killed is frequently seen, but sometimes more complex
situations arise. In any case, however, the proportion of
affected cells increases with increasing doses.

53: The relationship between dose and effect is being
studied at lower and lower doses for a number of radia
tion eJ!ect.s. Since the frequency or the degree of any
effect IS directly related to the dose, effects at very low
doses are very smalland may be demonstrated only when
very large numbers of cells are irradiated. The possi
bility of detecting effects at the lowest doses has there
fore practical limitations determined by the size of the
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experiment that would be necessary to reveal them. The
detectability decreases with the dose, since at very low
doses the frequency or the degree of any effect become!
so small as to require unmanageably large numbers 01
cells to become apparent. Radiation-induced lysogenesh
(the release of bacterial viruses from bacteria which de
not normally release them) is detectable at doses as 10"
as 0.3 rad.

54. The dose of radiation necessary to produce I

given effect in a given fraction of different cellular popu
lations is inversely related to their relative sensitivity
When the effect investigated is cellular death, the natun
of the cells (protozoa and bacteria are more resistan
than mammalian cells), the size of the nucleus (in:
number of plant cells sensitivity is related to the volum
of the nucleus) and ploidy (haploid cells have a sensi
tivity different from diploid cells) are among the variou
cellular factors which affect sensitivity." 118-186

55. Sensitivity is also related to physiological cond'
tions of the cells. Thus, bacteria grown in complei
nutritionally rich media are often more sensitive tha
cells grown in simple media.

56. Various factors influencing the development (
radiation effects are known. B 94 - 1.10 Cell sensitivity varit
with the temperature and moisture content of the cell:
it is also modified by a number of chemical factors th
may raise or decrease sensitivity. Among those whir
reduce sensitivity, lack of oxygen is the best know
most radiation effects arising at higher doses or becor
ing less pronounced when cells are poorly oxygenate
Certain chemical compounds, on the other hand, whl
applied before or during irradiation, are able to SOI1

extent to protect cells from radiation damage. Tho
chemicals may act by reducing the amount of oxyg:
available to cells or by competing with radicals produc
by the irradiation. Their study is important since it m:
lead to methods of reducing radiation injury in man.

57. One of the major effects of radiation is the pr
duction of genetic damage," 180-225 This can be caused 1
two different mutational mechanisms, chromosome m
tation and gene mutation. The former is the cons
quence of chromosome breaks. When two or mo
breaks are produced in the same or in different chrom
somes, the unions which may occur frequently invol
alterations of the original sequence of genes. Alteratl
of the gene sequence as well as loss of parts of chrom
somes or even of whole chromosomes often leads
cellular death. In some cases, however, the chromoson
damage is transmitted to daughter cells.

58. The nature of gene mutations has been grea
clarified by studies on bacteria and viruses. Nucl.
acids, along which genes are arranged within chrorr
somes, consist of a sequence of elementary units
various specific permutations. Changes in the sequer
of these units result in mutation.

59. The mechanism of mutation is, however, far fT(
being understood. Studies in lower organisms ha
shown that mutation is a complex process going throu
~ ~rst stage in which the damage may, at least tc
limited extent, be reparable and only after a certain Hi
become irreversible.

60. Like all radio-biological effects, the induction
mutations is dose dependent and is proportional to :
dose down to the lowest levels investigated so far. 1
proportionality factor, however, has been shown to v;
with the dose-rate in a number of species as will
discussed in chapter IV. '



CHAPTER III

SOMATIC EFFECTS

1. This c~apte~ ~iscusses the ef!ects of partial and
whole-body irradiation on man. Since observations in
~an are. few, th~y will be. supported b'y, and interpreted
in the light of, information from animal experiments.

2. C?wing to interrelationships between parts of the
orgams!li' damage to an indivi~ual organ may induce
effect.s m other. organs or even In the whole organism.
Repau mechamsm~ may play a major role, replacing
damaged cells or tissues through regeneration of sur
'vrvmg ~ells, b?t.complete recovery may be only apparent
and residual Injury may emerge long after irradiation.

3 .. The somatic effects of ionizing radiations in man
and In animals are mainly determined by physical factors
such as the nature of the radiation, the absorbed dose
its distribution in time (instantaneous irradiation frac~
~ionate~, pr?tr~cte~ fo~ shorter or longer period~) and
Its spatial distribution, In particular the extent to which
the body is exposed.D 1-11

4. In assessing susceptibilities various end points can
be used; and the apparent radio-sensitivity of a tissue
or organ depends on the method of observation. Sensi
tivity depends on age at the time of exposure children
being more susceptible than adults.D 2e- 28 '

5. The initial effects produced by radiation may lead
to clinical effects expressed promptly or months or years
after irradiation depending not only on the nature and
extent of the initial radiation injury, but also on sec
ondary factors, such as hormonal influences, exposure
to other carcinogens, nutritional and other host factors.
Animal experiments suggest that even viruses may be
such eo-factors in carcinogenesis, but no human cancer
has thus far been linked to a virus.

6. It is not possible to distinguish sharply between
early and late effects since effects observed soon after
radiation may persist. Nevertheless, it is convenient to
consider as early} such effects as are observable within
a few weeks after exposure. Late effects are those that
appear many months or years later and are not always
obviously related to the early effects.P 12-14

Early effects

7. All organs and systems in man and animals can
be temporarily or permanently affected by irradiation.
Injury to blood and blood-forming organs, to the alimen
tary tract and to the nervous system are the most critical
in determining the possibly fatal outcome of total body
irradiation.

8. The clinical course of acute radiation injury in man
is well known from observations on individuals exposed
to large doses of radiation. Evidence from the irradiated
populations in Hiroshima and Nagasaki and in the
Marshall Islands, from subjects irradiated therapeu
tically or in the course of laboratory accidents with
critical assemblies, as well as animal data indicate that

9

the b~st estimate of the median lethal dose (LD 50) for
man IS 300 to 500 rad (short-term total body radiation;
the actual value depends on the type and distribution of
the radiation). This does not mean that man can tolerate
this ~ount of radiation, since all individuals exposed
to this level would have serious symptoms and 50 per
cent would die. It must be stressed that the results of
exposure to 200 rad short-term total body radiation may
sometimes cause death.

9: When .individuals are exposed for a short period
of time to high doses of penetrating radiation the injury
~o the organism ma~ take three different forms, depend
Ing on the dose received. With doses of several thousand
rad, the outcome is fatal within hours and the clinical
picture is predominantly neurological.Pv"

. 10. Betw~en sqo and 2,000 rad of total body radia
tion, gastro-intestinal symptoms predominate." zoo They
usually develop within a few hours, may then subside for
a few days and then recur suddenly, leading to death
within about one week.

11. With doses between 100and SOO rad given within
a short time, gastro-intestinal symptoms may develop
within a few hours, followed by apparent recovery. Con
ditions worsen, however, within a period of about three
weeks, when the first signs of injury to the blood-form
ing organs begin," 202 Damage to the blood-forming
organs may cause bleeding and increase susceptibility to
infection. When appropriately treated with general sup
portive therapy, patients may recover.

12. Other organs and systems are always involved
concomitantly with those whose damage is or may be
conducive to death. Not all observed changes are mor
phological; functional effects also occur, e.g. modifica
tion of conditioned reflexes in animals given local doses
to the head as low as Srad.D 90

13. The radiation pathology of individual tissues and
organs was dealt with extensively in the 1958 report and
is again reviewed in annex D of the present report. No
detailed account will therefore be given in this chapter.

Late effects

14. The difficulties in the study of the late effects of
radiation are in part due to the long interval of time that
may elapse between irradiation and clinical manifesta
tions, sometimes making it difficult to establish the con
nexion between the effect and its cause. They are also
due to the lack of specificity of the effects.

15. The late effects are, in fact, usually indistinguish
able from diseases induced by other causes, and radiation
only increases their incidence in the population. The
causal relationship between irradiation and a possible
late effect in man can only be established in individual
cases from circumstantial evidence together with evi
dence derived from the observed induction by irradiation



of similar effects in experimental animals. L~rg:e-scale
human surveys may confirm. in ~a~ the association be
tween given late effects and irradiation,

16. Such surveys must be carried out on sufficiently
large irradiated populations to ensure that the observed,
and always small, number of individuals showing the
effect under study is high. in a control, u.nt~eated but
otherwise similar, population where the incidence of
that effect may vary owing to ch~nce ~lone..When the
increase in incidence of the effect m the Irradiated popu
lation is higher than c~n b~ accounted.f~r by c~an~e fluc
tuations, the increase IS said to be statistically significant,

17. In considering populations ir:ad~ated for 1?edical
reasons, difficult problems m~y arise m excludmg: the
possibility that the disease.which has 'prompted. th~ Irra
diation is by itself responsible for an I~c~eased incidence
of the effect in which case the association between the
effect and th~ irradiation could be misleading.

18. The main late effects comprise:
(a) Many types of neoplasms, including leukaemia;
(b) Local effects on tissues;
(c) Changes in the life-span;
(d) Effects on growth and development.

INCIDENCE OF LEUKAEMIA AFTER RADIATIOND241-286

19. In all countries for which mortality data are avail
able, the recorded death-rates from the various forms of
leukaemia (malignant proliferation of some of the
blood-forming cells) have been rising since the turn of
the century. Recent statistics, however, show a percep
tibleand consistent decline in the rate of increase of
these diseases in the United States since 1940. If this
trend were to persist, the incidence could eventually
stabilize or even decline. A similar trend has been noted
in Japan, but at later time periods. It will be necessary
to verify the uniformity of this phenomenon by data
from other countries.

20. While the cause of the increased incidence of
leukaemias is unknown, the recent reduction in the rate
of increase appears to discredit the hypothesis that the
growing exposure of human populations to radiation is
the major factor responsible for the increase.

21. The relationship between external irradiation and
the occurrence of leukaemia in man, first suspected when
its increased incidence among radiologists was noticed,
is now established by two continuing studies: the inci
dence of leukaemia among survivors of the atom bombs
in Hiroshima and Nagasaki and among ankylosing spon
dylitis patients given X-ray therapy. Very few data are
yet available on the induction of leukaemia by internal
irradiation in man even at high doses, but this phe
nomenon has also been described in experimental
animals.

22. Two major and closely related questions are:
what is the relationship between dose and incidence? Is
there a dose of radiation (threshold dose) below which
leukaemia will not be induced?

.23. ~he studies on the irradiated populations in
Hiroshima and Nagasaki" 248-253 are particularly impor
tant because the populations involved are very large and
~re not. selected on the basis of age, physiological condi
tions, incidence of previous diseases or occupational
habits.

24. Since the first report of the Committee a number
of new cases of leukaemia have occurred al~ong these
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populations. It now seems that the incidence, after
having remained fairly constant for a number of years,
is declining. I

25. Despite continued investigation, the doses reo:
ceived can only be inferred from the distance of the I
survivors from the hypocentre of the bombs. The doses,'
therefore are highly uncertain, and this uncertainty re
flects on the dose-effect relationship. The data are nol:
inconsistent with the hypothesis of simple proportion]
ality (linearity) between dose and incidence. However':
because of the small number of cases occurring at doses,
below 100 rad, various other hypotheses can be en:
visaged. .

26. The investigation of the incidence of leukaemia'
among irradiated patients treated for ankylosing spon:
dylitisD25H62 also shows a clear dependence on dose, and!
the data are not incompatible with a linear relationship]
between dose and effect. The validity of these results is,
limited, however, both by the limited number of Ob-~!
served leukaemias and by the fact that the probabili ••
of developing leukaemia after irradiation among spa :
dylitics may not be the same as for the general popu]
lation. In any case, this study does not provide evidence..1
of an increase in the incidence of leukaemia followin~

doses below 500rad.:
,I

27. Neither investigation, therefore, can definitelj
answer the question as to the nature of the dose-effed
relationship; nor can they answer the further questiO!ii
as to whether the association between radiation all!~

leukaemia occurs below a certain dose. Whatever thI
dose-response curve at higher doses, it is impossibe
either to establish or to exclude the possibility that C'

critical dose might be required before irradiation brings
about the morphological and functional cell derange
ments responsible for inducing leukaemia.

28. In the ankylosing spondylitis as well as in tIll
Hiroshima and Nagasaki surveys, no statistically signifi.
cant difference can be shown between the observed inci·
dence of leukaemia at the lowest doses investigated and
what would be expected if the incidence was the same a!

in the general population. This cannot be construed a;
evidence for the existence of a threshold, since the ab
sence of difference may only reflect the fact that the
increase in the incidence of leukaemias at low doses i!
too small to be detected.

29. Experiments to provide critical information con
cerning dose-response relationships, mechanisms of ra
diation carcinogenesis and protection against radiation
in whole organisms Can only be done with animals, btu
their usefulness is limited by the difficulty of making
valid extrapolations from one species to another, par
ticularly to man from animals with a much shorter life
span. Extrapolations should, in any case, be made onh
from a species in which meaningful data can be obtained
Each type of mouse leukaemia, for instance, should be
considered as a specific disease, and inferences and da~

drawn only from those truly analogous to diseases ~i
man .

30. Since so little is known about the effects of 10"
dose-rates, great care must be exercised in inferrine
from the available experimental, or human data, t&
effects to be expected from irradiation due to those arti
ficial nuclides that are being released into the environ
me?t. While ~he i~portance of the very low dose-rate If
wlllc~ they gl."e rrse may be great, it is difficult to evalu
ate, since their effect cannot be studied experimantallj



owing to the unmanageably large numbers of animals
required.

31. An increase in leukaemia and other forms of
nalignant disease has been reported in children irradi
ited in utero, as a result of pelvic X-ray examination
Luring the mother's pregnancy.D2T1-286 The dose of radi
Ltion may have been I"-' 1-10 rad. These results and those
If several other studies are equivocal. Results obtained
'rom a different type of study have shown that the in
:idence of leukaemia in children born of 40,000 mothers
rradiated during pregnancy was 'no greater than that
.xpected among children in the population in general.
~lthough the question remains open, it is a possibility
hat embryonic and foetal tissue is more susceptible than
.dult tissue to the induction of leukaemia following
r radiation.

OTHER MALIGNANCIES

32. Data from irradiated animals and man indicate
hat malignant tumours may be induced by radiation in
nost tissues, provided the dose is sufficiently high.

33. Radiation-induced tumours often take long to de
'elop, and need not be preceded by observable morpho
ogical changes in the cells at the site of origin of the
ancer. Radiation can also induce malignant disease
hrough indirect mechanisms. Pituitary tumours, for
nstance, can be observed in mice not as a result of irra
liation of the hypophysis but as a consequence of
adiological destruction of the thyroid.D U G The role of
ndirect mechanisms has also been shown in the induc
ion of ovarian and thymic tumours in mice.

34. Most animal experiments, usually performed with
elatively homogenous populations, have shown that
here are dose levels where no increase in incidence of
ertain neoplasms can be detected. As in the case of
eukaemia, this cannot be interpreted as evidence for
he existence of a threshold. On the other hand, in the
nduction of at least one type of tumour in rats, minimal
ffective dose-levels are extremely low, so that there
nay be practically no threshold for the induction of
urnours. In some of these experiments, the dose-effect
elationship seems to permit extrapolation to zero. A
lifficulty with short-lived laboratory animals is that at
ow doses the average period required for manifestation
If the tumour may exceed the life-span and hence no
.ffect may be seen.

35. Most of the data on the induction of neoplasms
ly radiation in man have involved extremely high doses.
[,hus, skin cancers have appeared with low incidence in
nan after local irradiation in the range of 1,000 rad per
rear after prolonged latent periods of fifteen years or
nore.

36. Since the first report, preliminary data on the
-apanese survivors of the atom bomb have become avail
.ble,D 281-288 indicating an incidence of some forms of
:ancer other than leukaemia higher than in the non
:xposed population. The increase is highest among those
v.ho were closest to the explosions. Because the latent
ieriods of induction of most tumours are long, data are
LOt yet available that would indicate whether this in
.rease in the incidence of malignancies will persist, rise
'urther or decline.

37. Data on the induction by radiation of bone
umours in man-chiefly osteogenic sarcoma, probably
lriginating from those bone-forming cells that line bone
urfaces-have been obtained from occupationally irra-
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diated radium dial painters, patients treated with radium
salts for therapeutic puryoses, and patients given X-ray
treatme~tof bon~, particularly for benign or inflarnma
t?ry lesions, Again, the latent periods for tumour induc
tion are long and the dose where known is high the
local doses being of the o;der of hundreds of r~d or
more.

3~. Assessme~t of the risk of carcinogenesis, in
cluding. leukaemia, at 10,:" doses of ~adiation requires
a consideration of possible mechanisms of carcino
gene~is.D148-158 In the present stage of our knowledge,
nothing can, however, be said about the mechanism of
r.adiation. carcinogenesis without indulging in specula
tion. Various hypotheses may be formulated to account
for the induction of tumours by radiation. Somatic (gene
or chromosome) mutation the action of latent viruses
differentiation anomalies, ~re among the possible mech~
ams~s through which ra~iation could give rise to malig
nan~les. To show how different hypotheses might lead
t~ ~Iffer~nt.dose-effect relationships at low doses while
glVI!lg Similar responses at higher doses, two hypo
t?etlca.1 mech~nisms of induction of tumours by radia
tion Will be discussed. These have no particular merit in
themselves but are described for their simplicity and
becau.se they point out the possible fallacies involved in
applying to low doses dose-effect relationships observed
at higher doses.

39. If radiation induced tumours through somatic
m?tation, it would be reasonable to expect proportion
ality between doses and corresponding incidence of
tumours down to the lowest doses (no threshold). It is
further conceivable that the number of tumours per unit
dose may be less than anticipated at low doses, if the
mutated cells are too few to develop into a tumour. But
it is also conceivable that with such a mechanism low
doses might give a higher incidence of tumours per unit
dose, since higher doses might kill the majority of mu
tated cells. Alternatively, it could be assumed that irra
diation first involves general tissue damage and that the
tumour only arises in the secondary stage of tissue re
pair. Again, there is the possibility that the production
of tumour cells is due to somatic gene mutation, arising
indirectly as a result of the increased proliferation that
accompanies the repair process. There might thus be a
critical level of radiation below which the damage would
be too limited to stimulate, during the repair stage, pro
liferation of such an extent as to give an opportunity for
the occurrence of a mutation.

LENS OPACITyD289-a01

40. Exposure of the optic lens to radiation may be
followed by lens opacities. Normally, doses greater than
500 rad of X-rays are required to produce clinically
significant cataract, but lens opacities have been reported
after as low as 200 rad of mixed gamma and neutron
irradiation. In most cases, lens opacities developed after
a latent period which showed little relation to dose and
duration of treatment. Radiation-induced lens opacities
are slowly progressive for a long time, but they may
remain stationary at any stage, or regress. For chronic
irradiation, neutrons seem to be much more cataracto
genic than X- or gamma rays.

INDUCTION OF STERILITyDS08-815

41. The effects of irradiation on gonadal tissue are
now fairly well known both in experimental animals
mice, dogs and monkeys-and in man. In all species, the



effects are basically similar but difference~ are observed,
due to the differences in the tran~for.matlOns tha~ germ
cells undergo during maturation m different species.

42. Gonadal. doses causing sterility are similar for
both sexes. Single local doses around 150 rad may ~nduce
brief lowering of fertility, doses around 250 rad induce
temporary sterility f.or ?ne or .two years; at. ab?t:t 500
rad permanent sterihty IS obtained m many individuals
and prolonged temporary sterility in .others. At 800 rad
recovery of fertility is extremely unlikely.

43. The data on which these estimates were made are
rather limited. They are confirmed by observations on
individuals exposed to radiation .from .at?m bon;b ex
plosions in Japan and from certam radiation a~cI?en~s.
These observations show that whole-body irradiation In

the range between 400 and 600 rad does not have a
permanent effect on fertility.

LONGEVITyD 118-140,282-289

44. Animals having survived substa~tial. or nearly
lethal doses of radiation have an average ~JfetJme sho~ter
than controls the life-shortening depending on the kind
and amount ~f tissue irradiated (for p~tial bo?y e:x;
posure ) as well as on the dose. Under contmuous Ir.radI
ation at dose-rates as high as 0.5 rad per day, no d!ffer
ence in life-span between irradiated and control.ammals
is. however, detectable with expenments of the size used
so far. .

45. Irradiated animals develop some of the diseases
prevalent in their species earl!er than ~on-i:radiated~mes
and deteriorate sooner. showing physiological and histo
pathological changes sugg~stive o~ early se?escen~e; The
radiation-induced shortening of life-span IS conditioned
by several factors. Some species are more likely to show
the effects than others; within a species. strains with
different genetic constitutions have their life-span de
creased in various amounts.

46. It is not yet clear how much of the reduction in
longevity is due to an increased incidence of radiation
induced diseases and how much is accounted for by
premature aging. The difficultyarises both from the lack
of rigorous definitions of senescence and its progress.
and from the necessity of observing animals for the
duration of their lives.

47. Information on life-shortening effects in man is
still inadequate. Mortality rates of United States radiol
ogists are slightly higher than in the general male popu
lation, but the difference is not supported by the analysis
of mortality of British radiologists. These differences
may be due to different radiological practices. The sur
vivors of Hiroshima and Nagasaki have so far shown no
detectable shortening of the life-span. but it may be that
not enough time has elapsed since the exposure as com
pared to the normal human lifetime.

48. Attempts to assess the risk of life-shortening by
low doses in man meet the same difficulties and necessi
tate the same considerations as those entailed in the
assessment of possible carcinogenic effects from low
doses. The problem of extrapolation of animal life
shortening data to man is difficultbecause of the lack of
data on life-shortening for large animals with life-spans
intermediate between man and rodents. Life-shorten
ing in man as a consequence of short-term irradiation of
the whole body at doses higher than 200 rad would not
be surprising, but the effects of long-term. low-level
irradiation on the human life-span cannot be predicted.
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EFFECTS ON EMBRYOS AND FOETUSESD 11G-19a

49. The effects of radiation on embryonic tissues art
especially important because even a m~nor irreversibk
injury in an embryo may be amplified 111 the course 01
development and thus give rise to major anomalies. Sus
ceptibility of embryonic tissue to rc:diatio~ i.s .high bul
probably not higher than that of aC~1Vely.dividing aduli
tissues When mouse embryos are Irradiated at a dos
as low'as 25 rad, 40 per cent of the embryos are killed
Irradiation of experimental animals may, at a later stagt
be followed by the development of malformations. Sirm
lar observations have been reported in man; the mos
frequent defects involve the central nervous system, thl
eye and the skeleton.

50. The possibility of inducing somatic effects ~

foetuses at doses within the ranges of X-ray pelvic a
aminations (several rad) is shown by the recent obser
vation of an increased incidence of anomalous distriba
tion of pigment in the iris of children which had bee
irradiated in utero during such examinations of t;b
mothers. This harmless anomaly may perhaps be attn~

uted to a somatic mutation-either genic or chrome
somal--occurring early in the embryonic developmes

Conclusions

51. Since 1958, no new data have emerged whk
would warrant substantial modification of the vie'il
expressed in the last report. The new data have OJ
disproved the assumed proportionality between dose .as
effect that was used for estimating risks at low dose
but they have in fact made it apparent that such a re:~

tionship may not hold at doses lower than those w~~
have been investigated. It is also now more fully realize
that somatic effects are less likely to occur at low dos
rates than at the high dose-rates employed in mal
experiments.

52. Short of obtaining adequate data on the In
quency at low doses of such deleterious effects of radi
tion as leukaemia and other malignancies-and this ~
involve extensive human surveys and animal exper
ments-the use of any relationship to predict effects,
low doses will, in fact, imply assumptions on the med
anisms through which specific radiation injuries a:
brought about.

53. In the present state of our knowledge. an)' su,:
assumption would be largely speculative. The only ju
tifications for applying to low doses relationships io
served at higher doses, therefore assuming that there
no threshold for the induction of malignancies, are 'C
expediency of the procedure and the consistency of 11
assumptions regarding mechanisms in both dose range
We do not know, however, whether in so doing the ri,
is underrated or overrated.

54. Although more information is required befe
firm conclusions can be drawn, there is evidence iD"':
eating that embryos are more susceptible to radiars
injuries than adults and that even low doses may indOl
both developmental disorders and malignant changes
embryos. Further studies on the effects of radiation \
foetuses exposed in utero are therefore crucial.

SS. Search should be intensified for carcinoger
agents in the environment besides radiation. To as-se
the importance of radiation in carcinogenesis, radiab:
hazard must be placed in the perspective of agents th
are understood at least as well as radiation.



56. Laborious though it may be to make observations
on the effects of low doses on large human populations,
such observations will be invaluable in complementing
and confirming extensive animal experiments. Any
large-scale investigation, however, especially in man,
requires accurate planning to ensure that there is a
reasonable likelihood of obtaining meaningful results.

Both clinical, and vital and health statistical studies of
sufficiently large populations living in areas of different
radiation background, of the survivors of Hiroshima
and Nagasaki, of persons receiving radiation for medical
purposes and of occupationally exposed persons require
continued support and prompt reporting.

13



CHAPTER IV

HEREDITARY EFFECTS

Natural mutation frequencies

X-chromosomes and one Y-chromosome are phenotypic
males, contrary to what is observed in the fruit fly
Drosophila melanogaster. Sex chromosomes also carry
genes determining other traits, although at least in man
no such gene is known beyond question to be carried by
the Y-chromosome. On the other hand, some thirty loci
have been identified in the X-chromosome, where spe
cific mutations determine grossly harmful traits.

6. Characters controlled by genes located on a sex
chromosome are said to be sex-linked. The fact that
females carry two X-chromosomes whereas males have
only one accounts for the special mode of inheritance of
sex-linked characters. Well-known examples are haemo
philia and colour blindness.

7. Mutations are said to occur naturally or spontane
ously when their production results from conditions
usually 110t under the direct control of man.042The fact
that mutations are rare events makes any estimation of
their frequency of occurrence difficult and uncertain.
Under ideal conditions dominant mutations would lend
themselves to reasonably accurate estimations, since it
would be sufficient to count the affected individuals born
of unaffected parents.P'" In practice, however, diagnos
tic difficulties and those of ruling out morbid conditions
simulating a given hereditary trait may cast doubt on
the reliability of the estimates, The situation is even
more difficult with recessive gene mutations when most
of the genes are hidden (carried by but 110t manifest)
in heterozygotes. Indirect methods when used rest on
assumptions which are often not easy to verify.o63 The
average frequency of occurrence of gene mutations per
locus per generation-s-the mutation rate-may differ
from one strain to another and within each species the
mutation rate at individual loci also varies.?"

8. Various methods are available and have been used
to estimate the frequency of occurrence of mutations
affecting specific traits,063-G4 The similarity of their re
sults makes it reasonable to assume that the average
mutation rate in main is about 1/100 000 per locus per
generati~:)ll. This frequency, however: may not be rep
resentative of all the mutations arising in man but onlv
of those which have been detected. ' .

9, The ca!-1ses of ?atural mutations are largely un
known. Vanous environmental factors both chemical
and physical, inc~uding natural radiatio'n, might be re.
sponslble, for th~lr ?ccurrence, but very little is known
about their relative Importance, It has been shown how
ever, that natural radiation cannot account for' more
than a small fraction of natural mutations in man.

Radiation-induced gene mutations

10. :w?len the ge;m cells of an organism are exposed
to radiation, mutations may arise which can be trans-
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1. Genes are the determinants of the inheritable char
acteristics of organisms, and are characterized by an
inherent stability which ensures that at each duplication
two identical copies are produced. This stability is not
absolute, however, and a sudden and fortuitous change
of a gene, and therefore of the character which it deter
mines, can occasionally occur. Such changes are called
gene mutations and their frequency is increased by a
number of chemical and physical agents. Of these, radia
tion is one of the best known.

2. It will be recalled from chapter Il, paragraph 37,
that cells of the germ line are diploid until they undergo
reduction during meiosis and thus become haploid
gametes, Depending on whether their diploid cells carry
identical or different genes at a given site (locus) on a
given chromosome pair, individuals are called homosy
gotes or heterozygotes for that locus, respectively-in
other words, if A and N are two different genes (i.e"
alleles) which can occupy the same locus, then AA and
NN individuals are said to be homozygous, whereas
AN individuals are said to be heterozygous. Heterozy
gous individuals may show the traits determined by
either gene, or an intermediate trait. The gene which
manifests itself more strongly in the heterozygote is
called dominant, the other recessive.

3. The distinction between dominant and recessive
genes is essential for an understanding of the hereditary
effects of radiation. Mutations which give rise to domi
nant genes (dominant mutations) are expressed in the
first generation offspring of the subject in whose germ
cells the mutation has occurred. Recessive mutations on
the o~her hand, c!!-n become apparent in the offspring
only If the offspnng receives the same mutation from
both parents, and this may take many generations to
occur, unless the parents have one or more common
ancestors, in which case it is likely to happen sooner.

4. Human diploid cells have forty-six chromosomes.
Of these, twenty-two pairs (autosomes) are alike in
both sexes. Another pair consists of the sex chromo
somes which are alike in females but different in males
This is because all the eggs possess the same set of chro~
mosomes, one of which is known as the X-chromosome.
Sperms on the contrary are divided into two classes
according to whether they possess an X-chromosome or
alternatively, a Y-chromosome, shorter than the X. Mal~
gametes are call~d X- OrY-sperms depending on the sex
chromos0t?e which .they carry, the two categories being
produced m approximately equal numbers. Fertilization
of an egg by an X-s~erm 'Yill result in a zygote with two
Xvchromosomes which Will develop into a female or
gamsm. Zygotes resulting from the union of an egg with
a Y-sperm will develop into males.

S. In man and mouse, and possibly in all mammals,
the Y-chrornosome seel~s to have the principal role in
determllllll&, sex,. sll~ce It has recently been discovered
that exceptional individuals carrying only one X-chro
~osome are predominantly female in their characteris
tics whereas other exceptional individuals who carry two



mitted to the offspring and their descendants. It is not
possible, however, to say whether a given mutation oc
curring in an irradiated individual has been induced
by radiation or has occurred spontaneously. The over
all frequency of mutations is always increased by irra
diation, and their relative frequency at different loci
may not be the same for those of spontaneous and in
duced origin.oHo

11. Changes in frequency depend on such considera
tions as the stage of germ cells irradiated, the dose of
radiation absorbed by the germ cells and the rate of
delivery of the dose of radiation. However, for any
single locus increases in frequencies are small, even
with the highest doses possible in experimental animals.
The study of radiation-induced mutations therefore
necessitates the use of large numbers of animals ob
served over many generations. In man not only is ex
periment seldom possible but' the intervals between
generations are long.

12. Knowledge of the nature of the relationship be
tween dose and mutation frequency is of crucial im
portance to understand the effect of radiation on
hereditary material. From experiments on mature germ
cells of animals, especially spermatozoa of Drosophila
melanoqaster, it appears that when they are exposed to
radiation the mutation frequency is directly propor
tional to, and depends alone on, the total dose absorbed
by the gonads.P'" These results formed the basis of
the assumptions on which the conclusions of the first
comprehensive report rested. The proportionality fac
tor was expressed in terms of doubling dose-namely
the dose of radiation that is required to double the
natural mutation frequency in a species.

13. Recent studies, while confirming that the assump
tions were correct with regard to spermatozoa, have
shown that the dose-effect relationship is more complex
for other cellular stages in the germ-line. The new evi
dence comes mainly from observations on irradiated
mice,085 but has also been confirmed in other animal
material. 080

14. It appears from these observations that when
immature germ cells (spermatogonia in males and
oocytes in females) are irradiated, the results are not
inconsistent with the hypothesis of proportion~lit~ be
tween dose and mutation frequency observed WIth Irra
diated spermatozoa in Drosophila. The proportionality
factor, however-and therefore the doubling dose
varies both with the stage of the irradiated germ cells
and with the rate of delivery of radiation. The same
total dose induces fewer mutations when it is given at
low dose-rate than at high dose-rate.

15. The effects of irradiation on spermatogonia and
oocytes are particularly important under conditions of
continuous exposure at low dose-rates such as ~hose de
livered by sources to which human populatlOns are
exposed (e.g., natural sources and fall-out from nuc~ear
explosions). The spermatogonia continue to mu~tlply
during the whole reproductive life, some of t~em g1Vll1g
rise, through meiosis, to mature sperms. Oocytes, .de
rived from oogonia in the course o~ ~mbryomc bf:,
remain in a particular staze of the meiotic process until
just before ovulation. Sp~'ms and ov~ surviy~ o~ly for
a few weeks if they do not take part I~ fertilization. It
is therefore apparent that, under continuous e~posure,

the total dose accumulated in sperms and ova IS much
lower than the total dose accumulated until the end of
the reproductive life by both sperrnatogonia and oocytes.
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16. The mechanisms responsible for the dependence
of the mutation rate on the dose-rate have not been
elucidated. It has been suggested, however, that at Iow
dose-rates part of the damage caused by radiation to
the genetic material can undergo a process of repair.o ll T

At higher dose-rates, the mechanisms leading to repair
could be impaired or inhibited, thus making the expo
sure more effective in inducing mutations.

17. The evidence for the existence of repair processes
has been considerably strengthened by recent investiga
tions.o88-D2 These have shown that in lower organisms
and in Drosophila a finite period of time elapses before
radiation damage to the genetic material becomes irre
versible. Treatment with various agents interfering with
the metabolism of the irradiated cells during that period
can prevent the fixation of at least part of the pre
mutational damage.

18. It should be stressed, however, that none of the
experiments carried out so far leaves any doubt as to
the effectiveness of radiation in producing hereditary
damage even at the lowest doses and dose-rates which
have been investigated. At the time of the 1958 report,
few experiments had been performed in the low ranges
of doses and dose-rates. Since then, geneticists have
consistently found both in mammals and other animals
that the frequency of mutations is affected by radiation
throughout the range of doses and dose-rates investi
gated.

Chromosomal aberrations

19. Like gene mutations, chromosomal aberrations
may occur in cells either spontaneously or as a conse
quence of the action of the sa~e agents which i.nduce
mutations. Whereas gene mutations may be considered
as changes of the genes themselves, chromosomal aber
rations may consist of duplications or deletions of part
of, or of whole, chromosomes, transfer or exchange
(translocations) of segments of chromosomes or even
inversions of the sequence of genes along one or more
chromosomes. Addition or loss of a whole chromosome
usually arises through unequal distribution of the chro
mosomes during division.

20. Although chromosome aberrations have be:n
known for a long time to occur spontaneously both ~n
plant and in animal cells, v.ery little atte!ltlon was.pa~d
to them in the first report srnce no hereditary defects ID
man had yet been traced to chromosome aberrations.
Progress in cytology and in the culture of humar; tissue
cellsC67-70 has since made it possible to establish the
normal human karyotype (chromosome number and
form) and to detect abnormalities.

21. In 1959, some of the mos.t impo~tant discoveries
were made in human cytogenetics, which showed that
Down's syndrome (mongolism), Turn~r's. syndrome
and Klinefelter's syndrome (both of which involve al
terations of the sex characters) are due to chromosome
aberrations. In Down's syndrome, one supernumerary

. b d 021 IT'autosomal chromosome IS 0 serve . n urner s
syndrome, the i?-dividual is an abnormal female who
carries only a single sex chromosome, the X-c~romo
some ;022 and in Klir:efelter's syndrome the subject, an
abnormal male, carnes two X-chromosomes and one
Y-chromosome.C ~2

22. The mode of inheritance o~ chromosomal aber
rations in man is not essentially different from that of



dominant gene mutations.ooT-To Many of the chromo
somal aberrations so far observed in man have been
accompanied by complete sterility, which precludes
transmission of the anomaly. However, individuals
with Down's syndrome can be fertile and some with
Turner's syndrome have had offspring. Furthermore,
such aberrations as translocations are transmitted and
can lead to the occurrence of abnormalities in the
progeny of apparently normal and fertile individuals. Du.

Frequency of chromosomal aberrations

23. Since 1956 technical advances have been made
which permit a much more accurate study of human
chromosomes. As yet, however, relatively few estimates
of the over-all frequency of anomalies are available.
Since, however, Down's and Klinefelter's syndromes
are each known to have a frequency of about 1/500
at birth, it is considered as not unreasonable to estimate
that 1/100 of all live-born children carry some chromo
somal aberration.P'"?"

Radiation-induced chromosomal aberrations

24. Aberrations involving deletions or duplications
of whole chromosomes occur spontaneously and have
also been observed as a consequence of irradiation in
Drosophila and mice. In the mouse, it has been shown
that the frequency of chromosome loss, and the mecha
nism through which it occurs-namely, chromosome
breakage or unequal distribution of chromosomes dur
ing division-are markedly dependent on the irradiated
cell stage.? 10S-111

25. When the anomalies concern sections of chromo
somes only, the prerequisite for their occurrence is one
or more breaks in one or more chromosomes. It has
been shown that the frequency of detectable single
breaks is proportional to the dose. As with gene muta
tions, their frequency is always rather low and here the
possibility of restitution through rej oining of the free
extremities of the broken chromosomes is well estab
lished. Furthermore, in order that complex chromo
somal aberrations may be obtained-translocations for
instance-two chromosome breaks are required si~ul
taneously and the probability that this occurs is much
lower. In any case it leads us to expect a lack of simple
proportionality between frequency and dose.0 1DD

26. Some chromosome anomalies, unlike mutations
are often microscopically visible, and can be studied i~
the laboratory even on human material. By irradiating
human and other cells grown in cell and tissue cultures
the effects of radiation on chromosomes as well as the
dose-effect relationship can be studied.om-llT Dose
effect relationships for the occurrence of chromosomal
anomalies as derived from study of somatic cells in vitro
cannot at present be applied to germinal tissues in vivo.

27. Studies on in vitro production of chromosome
an0t;'l~ll.es are of, great valu~ in showing differences in
~enslhvlty of different animal species to radiation
induced chromosomal damage. Preliminary results on
m~mmaljan cells, including human cells, have been ob
tamed, but these do not yet make it possible to decide
how human cells compare in this respect with cells from
other species.

Effect of mutation in animal populations

28. When a new mutation is transmitted for a few
generations, according to the laws governing heredity
and in the absence of other factors which will be dis
cussed later, there will be present in the population a
fraction A of individuals homozygous for the mutant
gene, a fraction B which is heterozygous for it and a
fraction C which does not carry the gene. Depending
on the dominance of the mutant gene, fractions A and
B, or only fraction A, will show the character for which
the gene is responsible.

29. When the mutant gene is incompatible with the
survival of the individual there are several possible out
comes. If the gene is completely lethal, even in the
heterozygotes E, then the condition will not be trans
mitted, because all who receive it will die. If it is not
completely lethal in heterozygotes, then occasionally it
will be transmitted through one or more generations.
A good example is retinoblastoma, a dominant gene
determined tumour of the eye, which is usually fatal
in childhood. Sometimes the tumour retrogresses, how
ever, or may be removed by surgical treatment, thus
allowing the individual to grow up and transmit the
gene. Dominant mutations less severe in their effects
may be transmitted through more generations, e.g. those
determining dystrophia myotonica or acholuric jaundice.

30. When the mutant lethal gene is completely re
cessive, heterozygotes can live and reproduce, whereas
homozygotes only are eliminated. The gene will there
fore not be eliminated at once but will be maintained for
a period of time in the population and its eventual elimi
nation will be completed after a very large number of
generations, unless the same mutation is continually pro
duced, so that the frequency of the gene in the popula
tion will reach an equilibrium value determined by the
mutation frequency. Many severe traits in man are
caused by genes which fit the above description. Good
examples are phenylketonuria and galactosaemia; both
are disorders of metabolism which determine mental
deficiencies and are usually lethal in the above-mentioned
sense.

31. Recessive lethal mutations seem to be less fre
quent than mutations which only reduce the average
number of the progeny of homozygous individuals by
reducin~ their fertility or the probability of mating, or
by making them more vulnerable to a given environ
ment. In such cases the elimination of the mutants pro
ceeds at an even slower pace. Various other situations
may also arise when mutant genes are not completely
recessive and heterozygotes show a certain degree of
disadvantage as compared to individuals who do not
carry the gene.

32. Some mutant genes cannot be appraised in abso
lute terms unless referred to a given environment. In
man, Cl; mutCl;nt gene is l~nown which. in the homozy
gote gives nse to a serious blood disease sickle-cell
anaernia.P'" Most of the homozygotes die 'in the first
decade of their life and very few reach the third decade
whereas heterozygotes, although clinically recognizable'
liv~ a normal life an~ s.ho~ no impairment of fertilit/
WIth such a severe elimination of homozygotes it would
at first thought, seem necessary to assume that the trait
is maintained in human populations by an unprecedent
edly high frequency of mutati?n. It has, however, been
observed t~at !he mutant gene .IS present mainly in areas
where the incidence of malaria IS very high and there
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is evidence that heterozygous individuals are more re
sistant to malaria than individuals which do not carry
the gene. The loss of hornozygotes may thus be more
than compensated for by the increased survival, and
therefore the more numerous progeny, of heterozygotes
as compared to the normal population living in malarial
areas.

Magnitude of the hereditary damage

33. Any estimate of the magnitude of the hereditary
damage, as measured by the total number of harmful
genes present in the germ celIs of a population over one
generation, must necessarily rest on the observation of
the actual occurrence of hereditary defects and diseases.
The possibility of estimating this amount in quantitative

. terms is hampered by our lack of precise knowledge
about many harmful traits. It is admitted that genetic
factors play an important role in the causation of these
traits, but the extent to which they do so is unknown.
The discovery of chromosomal aberrations in man en
ables us to give a more accurate picture of the total
hereditary damage than was possible in the last report,
since a whole new category of diseases can now be
ascribed to known hereditary mechanisms.

34. It is convenient, if crude and oversimplified, to
distinguish between visible damage and recessive
(hidden) damage. The former is estimated to affect
about 6 per cent of all live-born infants.o1s-s7 One per
cent are afflicted by known chromosomal aberrations,
1 per cent by defects due to known dominant or sex
linked genes, 1.5 per cent are destined to suffer later
from serious mental or constitutional hereditary diseases
and the. rest have malformations which, although due
to environmental factors, may also have some genetic
component in their causation. A certain but unknown
fraction of miscarriages and still births.?" as well as
of total or partial sterility in both sexes is also probably
due to dominant mutants or to chromosomal aberra
tions.

35. The recessive damage cannot be estimated di
rectly, although an indirect method is available which
has a very broad scope as it can be applied to very
diverse situations and estimate even the recessive damage
accounting for foetal deaths and sterility.os9-41 Its poten
tialities have not yet been fully exploited owing mainly
to lack of adequate data. The method is based o~ the
principle that spouses who are related are more likely
to be heterozygous for the same mutant gene than un
related spouses. A greater fraction of recessive homo~y
gous offspring, and thus of defects due ,to homozyg~slty,

is therefore expected among consanguineous mar:tag<;s
than among the others and the size of that fraction IS

expected to be larger, the more closely related the spouses
are.

36. The relationship between the degree o~ consan
guinity and the frequency of traits due to. recessl:,e genes
is, in fact, a very simple one. By companng for instance
the differential mortality at a certain age between un
related and variously related individuals of the same
population, it is possible to estimate the ave~ag~ :t;um
bel' of variously harmful recessive genes J?~r mdlvldual
which, if present in homozygous condlhons, w01;lld
each, on the average, cause one death at the age which
has been investigated. These indirectly observed genes
(lethal equivalents) need not be 100 per cent lethal.
Indeed, if two such genes each caused SO per cent letha-
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lity when homozygous, they would achieve the same
cumulative lethality as one single completely lethal gene.

37. The use of such an indirect method requires that
accurate records of consanguinity and detailed data re
garding fertility, morbidity and mortality of both con
sanguineous and non-consanguineous marriages should
be available. The difficulty of securing that kind of in
formation explains why the indirect method has not yet
been extensively used. From the results obtained so far,
however, it appears that each individual carries on the
average from 2 to 4 lethal equivalents.PU the estimates
being based on mortality before thirty years, including
miscarriages and still births. The number of equiva
lents responsible for major malformations and heredi
tary diseases is not known with any certainty and those
responsible for sterility have not so far been studied.

38. It should be pointed out that the visible damage,
as estimated from its observable expression, and the
recessive damage, as evaluated through the indirect
approach, do not lend themselves to straightforward
comparisons.P>" On the one hand their magnitude is
assessed through radically different methods, each
affected by different sources of error; on the other
hand they are expressed on different scales, the visible
damage in terms of actual hardship, the recessive one
in terms of potentially harmful factors.

39. Furthermore, as most of the manifestations of
the visible damage are accompanied by either a total or
severe reduction of fertility, the largest part of this
damage is confined to the generation being investigated
and only for minor detrimental characters can it be car
ried for a certain number of generations. The recessive
damage, on the contrary, is spread over an unpredictable
and always very large number of generations and the
frequency of its manifestations largely depends on the
frequency of consanguineous marriages.

Mutation and hereditary damage

40. Gene and chromosomal mutations obviously con
tribute to the hereditary damage, and it is important to
know what fraction of these mutations occurred in im
mediately preceding generations. Domi~ant lethaltraits
are certainly due to new mutations having a:ls~n.m the
germ cells of the. parents of the affected individuals,
since these mutations cannot be transmitted for more
than one generation. The same is true for diseases such
as Down's and Klinefelter's syndromes where the
affected individuals are almost invariably infertile. C 70

41. The role of mutation in maintaining the recessive
damage in human populations is difficult to eva.luate be
cause completely recessive genes are detectable m,homo
zygous individuals only. Moreover, when recessiveness
is not complete, the heterozygous condition may re.s?-lt
in reduced fertility and this adds further complexities

., t t' t 044-40 Thto the problem of estimating mu ~ non ra es, e
same is true of those cases m which the heterozygous
condition for a lethal or quasi-lethal recessive gene re
sults, at least in some environments, m .an mcrea~ed
fertility.c47-~1 Data on the extent to. which recessive
heterozygotes are selected for or against are generally
lacking.

42. If most recessive heterozygotes were favoured in
their present environment to such an extent a~ t9 ov.er
come the continual loss of genes due to the ehmmatlon



of homozygotes from the population, the~ the role of
mutation in the maintenance of the hereditary damage
would be much less important.

43. The present consensus o.f opinion a~ong geneti
cists is that most of the recessrve damage 1S suppo~ted
by mutation but it should be stressed that such a view

, I . 052is still largely specu ative,

Effect of irradiation on quantitative characters

44. Many hereditary characters ca,; on.ly be expressed
in terms of measurements and are distributed more or
less symmetrically around a mean.~151-l~5 Examples are
height, weight, birth weight and intelligence as meas
ured by scores in intelligence ~ests. The effects of an
increase of mutation rates on this type of character we~e
considered rather fully in the 1958 report and there 1S
no new information which would alter the conclusions,

45. One of the quantitative characters-c-viability-s-is
known to be adversely affected by most mutations, so
that an increase of mutation rates can be expected to
give rise to a substantial reduction of v~ability eV~f! if
the mutations produced are not respons1bl~ for. visible
harmful traits. It has in fact been shown 111 mice that
the offspring of irradiated parents have a higher ~or

tality than control animals during the early part of hfe.
This effect on the viability of the offspring could be
attributed to the over-all effect of many mutations and
perhaps also to chromosomal changes, each .with a ~mall

effect. It is difficult, however, to express this hereditary
damage in terms that can be compared with other types
of radiation-induced hereditary damage. It is hoped that
much more work will be done to investigate its nature
and extent, as it might prove the most important d~ma~e
affecting the first generations of descendants of irradi
ated individuals.

Assessment of hereditary effects of
radiation on man

DIRECT EVIDENCE o:F DAMAGE FROM RADIATION

46. Since 1958 very little new information has been
added to our knowledge regarding hereditary effects
induced by radiation in exposed human population.

47. The largest group now available is still repre
sented by the descendants of those exposed to radiation
in Hiroshima and Nagasaki. The survey made in 1956
revealed no detectable effect on the frequency of prena
tal or neonatal deaths nor on the frequency of malfor
mations.0l2l-122 It should be stressed again, however,
that this does not mean that no visible hereditary effects
were produced by the irradiation. The number of ex
posed parents and the dosage received by them was such
that we should not have expected a detectable increase
in the offspring of the exposed population.

48. A significant change in the ratio between males
and females (sex ratio) among children born of irradi
ated parents in Hiroshima and Nagasaki has been re
ported.cm Other more limited and not strictly com
parable surveys on the offspring of parents exposed to
radiation for medical reasons also show changes of the
sex ratio. Shifts in the sex ratio are expected on the basis
of simple genetic theory which predicts a lowering in
the frequency of males born of irradiated mothers and
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a lowering in the frequency of females born of irradi
ated fathers. Such an expectation, howeve~, has n~t bee.n
borne out by investigati~ns on the .offspnng of irradi
ated mice 0180 and a detailed analysis of the human ob
servation~ has revealed inconsistencies .in the sex-ratio
changes that cannot at present be explained,

49. The addition to the recessive damage o~casioned

by radiation has not been studied because recessive genes I

tend to appear among ~he offspring o~ c~n~anguineous
marriages. Since marriages between md1v1.dual~ more
closely related than first cousins ~re not practised 111most
societies, at least three generations must elapse )Jefor.e
any child is born to parents who have a common irradi
ated ancestor.

OTHER CONSIDERATIONS

50. The scantiness of data on the hereditary effects
of radiation in man does not preclude the possibility of
assessing a part of the expected hereditary damage. For
that purpose, the results of experimental studies OD

other species need to be applied to man. This requires
careful biological jud&,ement .and is ju~tifi~d.only for
observations obtained 111 species for which it 1S known
that the mechanisms of induction, transmission and
manifestation of the effects considered are similar to
those in man.

51. The possibility of inducing mutations in all t~e

organisms that have been investigated~ f.ram bacteria
to mice, makes it beyond doubt that radiation can cause
the same types of damage in man. It is also reasonably
certain that in man, as in other species, the overwheh~.

ing majority of newly arising mutations have detri
mental consequences and that, if beneficial mutations
arise at all, the frequency of their occurrel:ce is so low
as to be unlikely to offset the burden occasioned by the
harmful ones.

52. In all organisms investigated, the frequency of
induced hereditary changes has proved to be dose
dependent even at the lowest doses investigated and
there is no reason to believe that this is not so in rnan.P"
Animal species differ from each other, however, in their
sensitivity to the mutagenic action of radiation.F'?' As
far as the induction of chromosome anomalies is con
cerned, some observations of wide variations in sensi
tivity even between closely related species 0 f rodents
and between these and one species of monkey limit the
possibility of straightforward quantitative extrapola
tion to man.

53. The effect of the dose-rate has so far been found
in the mouse, in Drosophila and in silkworm.Cg'I-87 these
species being sufficiently different to allow us to assume
that other mammals, and in particular man, may show
an analogous pattern of response. The quantitative pic
ture may, however, differ in different species to an un
known extent if, as has been assumed, the dose-rate
effect is accounted for by the intervention of metaboli
cally conditioned recovery processes.OS7

54. An increased exposure to radiation therefore adds
to the hereditary damage affecting mankind. Of such
additional damage, a fraction will become mani Ie st dur
ing, and will be confined to, the first few generations
following the exposure; another fraction, and perhaps
the main one, will become apparent at a later stage in a
less conspicuous way but will be sustained by mankind
for an unpredictably large number of generations.P':"
It should be noted that some of the harm to human popu-



~tions both from spontaneous and induced mutations
nay be spread over more generations because socio
nedical care may relax selection against individuals
,vith certain traits.

Conclusions

55. Any increase in the amount of ionizing radiation
10 which human populations are exposed is expected to
bring about a proportional increase in the frequency of
mutation. This expectation is based on the fact that ioniz
ing radiation is known to induce mutations in experi
mental animals at all doses and dose-rates so far investi
gated. Experimental observations, however, are available
only at single doses not lower than 5 rad OS5 and direct
information on the dose-mutation relationship in man
is presently lacking.

56. Much progress has been made in the field of radia
tion genetics during the last four years. Recent investi
gations have added to the information used in assessing
the genetic hazards of ionizing radiations to human
populations; they have also focused attention on t~e

specific areas most in need of further research. It IS

now known that the frequency of radiation-induced
mutation is not dependent solely on the accumulated
dose but is also dependent on rate of delivery. Further-

factors such as sex and germ-cell stage are im
influencing factors. Nevertheless, under so:ne

ydefitlled conditions it is possible to calculate a doubltng
for gene mutations in human populations. Calcula
in the 1958 report, based on many considerations,

including a lower limit estimated from the data from
rr-osrnma and Nagasaki, suggested that the represents

doubling dose for man might well lie between 10
100 rad with 30 rad as the most probable value.

Recent inf01:mation from mouse experiments now ~ug
gests that for acute irradiation, the probable combined
value for both sexes is somewhat lower than 30 rad but
not less than 15 rad.0 1 54 For chronic irradiation the most
probable value is 100 rad or possibly highe.r. No better
figures are available for estimates of doubllll.g dose for
gene mutation in man. A permanent doublmg of the
mutation rate would ultimately double the pr~,:alence
of those serious defects determined by unconditionally

harmful genes which are estimated to affect about 1 per
cent of those born alive.ou-17 Present knowledgeof dos
age effects on the induction of chromosome anomalies
is too scanty to predict a doubling dose.om There are
indications that monkey chromosomes and hence per
haps those of other primates are more radio-sensitive
than those of mice. The Committee is of the opinion
that ionizing radiation would increase the prevalence of
developmental congenital malformationsCaO-52 and of
serious constitutional disorders,05HG but no quantita
tive estimates can now be made.

57. Accurate and reliable estimates can only be ob
tained through further progress in both experimental
and human genetics. Some fields of investigation will re
quire particular encouragement and support, as those
that are most likely to provide answers to the questions
arising from exposure to radiation. Studies of the role
of repair mechanisms in radiation-induced mutational
processes, and of factors which may influencemutation
frequencies, may help us understand better h9w rad!a
tion delivered at different rates induces mutations WIth
varying effectiveness. Rigorous in vitro and in vivo
methods of comparing susceptibilities to .radiation of
various species will provide a sounder ~asls for ap~ly
ing to man experimental results obtainedm other species,

58. Careful, protracted study should be continued on
those groups of individuals tha~ are or have.been ex
posed to higher doses of radiation, such as .Irrad.la~ed
persons in Hiroshima and Nagasaki, populat.lOn.s .hv1l1g
in areas where natural irradiation is high and individuals
irradiated for medical reasons. Appropnatc. methods
should be devised to extract from these studies all the
relevant information on radiation-ind~ced dam~ge to
the hereditary material that they are likely to yield.

S9 An understanding of the hereditary effects of
ionizing radiation cannot be obtainedwithout a thorough
knowledge of the factors which affect th~ ~a1l1tcnance
of hereditary traits in the populatlOn-pnn~lpal among
them the pressures of mutation and selection a~d the
genetic structure of the population. To ascertaldth1respective role of these fact~rs, .accuratelyplanne an~
continued large-scale investIgation on hun~an popula
tions living in different environmental, SOCIal a,nd cul
tural conditions should be undertaken or pursued.
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CHAPTER V

SOURCES OF IRRADIATION

1. Human populations are exposed to radiation origi
nating from a variety of different sources. It is con
venient to distinguish between exposure from natural
sources, from man-made sources excluding environ
mental contamination and from environmental contami
nation. Each may be further subdivided according to
the following scheme:

A. Irradiation from natural sources:
(1) Cosmic rays i
(2) Radiation from naturally occurring radio-active

materials i

B. Irradiation from man-made sources excluding en
vironmental contamination:

(1) Medical irradiation due to:
(a) Diagnostic X -ray procedures i
(b) Radio-therapy (external or from sealed sources) i
(c) Internally administered radio-isotopes i
(2) Occupational irradiation;
( 3) Irradiation from miscellaneous sources i

C. Irradiation from radio-active contamination of the
environment due to:

( 1) Explosions of nuclear weapons i
(2) Disposal of radio-active wastes i
(3) Accidental releases of radio-activity.

A. Irradiation from natural sources

2. Irradiation from natural sources is essentially con
stant over a period of time in a given place. Geographi
cal variation, however, occurs and populations living in
different areas may be exposed to different dose-rates.

(1) COSMIC RAYS

3. Primary cosmic rays are of extraterrestrial origin
and are absorbed in the upper layers of the atmosphere
where, by interacting with nuclei, they produce sec
ondary radiation, both electromagnetic and particulate,
to which living beings are exposed.P>"

4. Exposure to secondary radiation differs according
to geomagnetic latitude and longitudeE9-12 and also ac
cording to altitude.E13-14 Exposure is lower at the geo
magnetic equator than at the poles, the difference at sea
lev~l amounting ~o ~bout 10 per cent. Along the geomag
netic equator variations are observed amounting to about
5 per cent. The altitude effect is much more marked,
since the exposure nearly doubles for each 1,000 metres
increase in altitude. Variations of the exposure with
timeE1B-19 are also observed, but these are of a cyclical
nature so that if measurements are carried out for a
sufficient period of time the exposure proves to be fairly
constant. Such variations may be considerable at high
altitudes.

5. The dose-rate to all tissues due to cosmic radiation
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at the sea level in temperate lati tudes is normally takeJii,
as standard and amounts to about SO mrem/year.EHJ
The rate may, however, be much higher in areas 01;
high altitude. :!

i
6. This is higher than the figure given in .the firs(I

report of the Committee (30 mrem/year}, the d1fferen~1
being due to the fact that the contribution of neutro1U\l
which are among the components of secondary radiatio~
was not taken into account. The tissue dose due to th~j
neutron component is in fact very difficult to determinij
since the broad energy spectrum of those neutrons ~i
to be taken into account-both to estimate the energy!
absorbed and to determine the appropriate RBE valuefi
required to express the absorbed dose in rem.

(2) RADIATION FROM NATURALLY OCCURRING
RADIO-ACTIVE MATERIALS

External irradiation

7. The most commonly occurring radio-active nu-'
elides in the earth's crust, and those which contribute
most 'significantly to the external irradiation are ura
nium-238, thorium-232 and their daughters, such 3l:

radium-226, as well as potassium-40. E 19-31 These nu·
elides are practically ubiquitous but their abundance
varies widely from area to area.

8. Soils and rocks containing these radio-active ele
ments emit gamma rays which, owing to their power oi
penetration, contribute substantially to the irradiation 01
tissues. Dose-rates inside and outside buildings usually
differ, however, since walls may contain the nuclide
referred to above, and hence show a gamma activity oi
their own, and also since walls provide a certain shield
ing effect against the activity of the ground.

9. Despite wide geographical variations, it is esti
mated that the average external dose-rate from naturally
occurring nuclides to which the world population is
exposed is about 50 mrem/year, allowing for the frao
tion of time spent indoors and outdoors.Pv

. 1~. In.certain areas, where soil is particularly rich in
radio-active ore, dose-rates are much higher.EBo-9o Such
areas are found in Brazil, Niue Island, India and the
United Arab Republic. In the areas located in the States
of Kerala and Madras (India) where nearly 100,000
inhabitants live, average values of 1,300 rnrern/year
were observed. This appears to be the only densely popu
l~ted ar~a where the .irra~iation from naturally occur
nng radio-active nuclides IS known to be so high.

Internal exposure

11. Air, drinking water and food contain variable
amounts of ra.dio-~ctive material of natural origin which'
may be deposited III the body after Ingestion or inhale
tion. The main natural ra~io-activityo~ the body arise;
from elements of the uranium and thorium series from
potassium-40 and from carbon-l4. "



~2. Elemex;ts o! the uranium and thorium series are
m~tnly. deposited In bone tIssue.E o7 , 6S The amount con
tamed In the sk~le~on depends on the presence of those
elements m drinking water and food and therefore
vanes widely between geographical areas. Our estimates
of the average dose-rates to tissues due to the presence
of !on~-lived radium-226 and other bone-seeking radio
actlve.ls.otopes are now more accurate than in 1958. The
cells lining bone surfaces receive about 10 mrem/year
the .bone-marrow cells contained in the bone cavities
r'ecerve about 2 mrcm/year, and the gonads 1.6 mrem/
year from these sources.

. 13. A further contribution to internal irradiation is
gIvex; by the inhal~tion of ~he gaseous decay products of
uranium and thorium which are present in the atmos
phere a,bove the ground wherever those nuclides are con
tamed m the soipi:B7--42 These gaseous radio-active ele
~ents (radon and thoron respectively), once inhaled,
,a~~use tf1fough the lungs into the bloodstream-thus
¥Ivmg rise to dose-rates to body tissues of about 3
Jnrem/year. The daughter products of radon and thoron
;~ecome attached to dust particles which may be deposited
i1n the lungs where theJ.: locally irradiate the surrounding
p~lmonary tissues until they are removed by physiolo
gical processes,

14. Pot~ssium-40 ~as a very long half-life (1.4 X 109
years). It IS present m a constant proportion (0.012 per
cent) of total potassium in all natural materials E79-S3

Th: concen.tration of potassium in the human' body
vanes conSIderably with age. The dose-rate to the
gonads from potassium-40 is estimated to be around
20 m:em/year, whereas the mean dose-rate to the blood
forming cells and to cells lining bone surfaces is about
15 mrem/year.

15. Carbon-14 is also a long-lived element (half-life
5,7?O years) which originates in nature from the inter
action between cosmic ray particles and nuclei of atmos
pheric nitrogcll.Es2-88 Carbon-14 in the form of dioxide
IS readily mixed in the atmosphere and later diffuses into
~cean waters, while plants also assimilate it in propor
tion to ItS concentration in the atmosphere. Carbon-14
thus enters int? all Jiving organisms, of which carbon is
one of t~e n;aJor components. Carbon-14 is fairly uni
~onnly .dl~tnbuted III tissues and shows little geograph
ical variation. The dose-rates to which body tissues are
exposed from this nuclide are 1 mrem/year for the
gonads and 2 mrem/year for the blood-forming cells
and for cells lining bone surfaces.

TABLE I. DOSE-RATES FROM NATURAL RADIATION SOURCES (MREM!YEAR)

Coils
lining Blood-
bo"" forming

Gonads sUrfaC8J cells

50 (20)b 50 (20)b 50 (20)b
50 50 50

Sources

External
Cosmic rays'. . . . . . , . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . .
Terrestrial radiation .

Internal
Elements of Ra and Th series (ingestion and inhalation) . . 5
Potassium-40 , .. . 20
Carbon-14. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

TOTAL 126

• The RBE values used in computing doses are given in annex A.
b Approximate contribution of the neutron fraction.

13
15
2

130

5
15
2

122

16. Dose-rates from natural radiation are summa
rized in table I. It must be pointed ant that these dose
rat~s ~re to be considered as approximate only; since
v':1'1atlOns. are wide, the dose to the population will vary
WIth locality. The variation of natural radiation is known
in sufficient detail to enable us to compute roughly accu
rate population-weighted world averages.

B. Irradiation from man-made sources excluding
environmental contamination

(1) MEDICAL IRRADIATION

17. This category consists of those irradiations which
are administered to patients by radiologists, general
practitioners, dentists, etc., for diagnostic or therapeutic
purposes. The value of radiological procedures in medi
cine is so well established that they have become indis
pensable. At the same time, however, these procedures
involve a certain amount of both somatic and hereditary
risk which adds to the risk from other sources.

18. Unlike natural background and environmental
contamination to which whole populations are uniformly
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exposed, medical irradiation is applied only when spe
cifically indicated, so that a fraction only of the popula
tion is exposed to it in anyone year and within that
fraction the amount of radiation received by the indi
viduals varies according to the type of examination or
therapy carried out, as well as to the techniques
employed.

Genetically significant doses

19. The frequencies of the types of examinations or
treatments, and therefore the corresponding per capita
mean doses to the gonads, vary with the age of the
patients. Since there is a high inverse correlation be
tween age and the probability of having further children
(child expectancy) it is apparent that, for equal doses,
the amount of genetic damage transmitted to the follow
ing generations will depend to a large extent on the child
expectancy of the patients undergoing irradiation. It is
clear, in fact, that even if mutations are produced in the
germ cells of old subjects, they will not be further
transmitted.

20. Average gonad doses from medical irradiation, as
can be computed when populations are uniformly ex-
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TABLE 11. GENETICALLY SIGNIFICANT noSES (MRE:M!YEAR)
FROM MEDICAL PROCEDURES

A = Diagnostic X-ray procedures. G table XXIII
B = Radio-therapy in non-malignant conditions. G table

XXIX
C -= Radio-therapy in malignant conditions. G table XXIX
• These may be representative only of the particular area sur

veyed and not necessarily of the practice in the whole country.

less than ten types of examinations representing only a
small fraction of the total number of examinations.Pu
The high contribution of those few examinations can be
accounted for by the fact that they give rise to high
individual gonad doses, by their high frequency or be
cause they are carried out at ages when the child ex
pectancy is high (paras. 19 and 20).

24. While these data refer only to countries with a
total population of about 200 million inhabitants, it is
to be expected that the populations of countries with
comparable hygienic and medical standards may receive
genetically significant doses of the same order of magni
tude as those recorded in the table. These data may thus
be representative of a much larger fraction of the world
populations, including those in the USSR and the United
States.

25. A comparison between genetically significant
doses in countries for which both present and 1958 data
are available shows that there has been little change
during the last few years. In the United Kingdom, how,
ever, the genetically significant dose has apparently de·
creased from 2'3mrern in 1958 to about 14 mrem in 1961.
The decrease, however, is probably only apparent and
may reflect the fact that the 1961 data, unlike the older
ones, are based on a properly devised sample of all tlu
hospitals of the country.P " It may be pointed out thal
the British data show considerable variability within the
country and indicate that, if the best techniques and
equipment were used throughout the country, substantial
reduction of the genetically significant dose would be
achieved.

(b) Radio-therapy (external or [rom: sealed sources)

26. In therapy not only X-rays but also beta and
gamma rays are used; the latter provided either bJ
application of sealed isotopes (for instance, radium) or
by exposure to cobalt and caesium teletherapy units.

27. The available estimates of genetically significant
doses due to external radio-therapy for non-malignam
conditions in three areas are also given in table H_ Thes
are much lower than the corresponding doses due le
diagnostic X-irradiations, although individual doses tc
the gonads are generally higher. The frequency of thera
peutic irradiations is, however, very much lower than
the frequency of diagnostic ones and the child expect
ancy of the patients is also often lower. Little contribu
tion to the genetically significant dose is made by external
radio-therapy in malignant conditions where the child
expectancy is usually very small.

(c) Internally administered radio-isotopes

28. Internally administered radio-isotopes are used
both. for diagnostic a~d therapeutic purposes and art
apP~led. ?n ~n mcreas~ng scale owing to their greater
availability 111 recent tlmes.G62-78 lodine-131 is used to
inves~igate the function of the thyroid gland where it is
selectlye1y c?ncentrat~d, or to treat thyroid gland dis
eases,.including thyroid cancer. Phosphorus-32 is chiefly
used 111 the treatment of polycythemia a blood disease
gold-198 in the treatment of certain m~lignancies. Dat~
on the genetically significant doses due to both iodine
131 and phosphorus-32 are available from four coun
tri~s. Genetically significant doses from diagnostic appli
cations rang~ from. 0.0.1 to 0.03 rnrem per year, those due
to therapeutic applications from 0.15 to 0.40 mrem. The
largest part of the genetically significant dose is call
tributed by iodine-131.

* * *

c

3

14

3

BA

16-25
29
58
39
10
38
22
14

Country-wide surveys
Austria " .: .
Denmark ,
France ,., .
Japan , ,
Norway .
Sweden , .
Switzerland .
United Kingdom (except Northern Ireland).

Limited surveys'
Argentina (Buenos Aires) ..... , . . . . . . . . . . . 37
Federal Republic of Germany (Hamburg). . . 18 2
Italy (Rome) , , '" , . . .. 43
Netherlands (Leiden).. . . . . . . . . . . . . .. . . . . . 6
UAR:

Cairo , , . . . . . . . . 7
Alexandria _. . . . . . . . . . . . . . . . . . 7

USA:
Richland , . . . . . . . 45
Oak Ridge , . . . 50

posed irrespective of age, do not therefore represent the
doses which are relevant in bringing about hereditary
effects. Allowance must be made in their computation for
the child expectancy of the irradiated subjects. This is
done by computing for each type of irradiation a
weighted dose to the population which is called the
geneticalP.y significant dose.G 9

(a) Diagnostic X-ray procedures

21. X-ray examinations are at present the only diag
nostic procedures which contribute to the external irra
diation. Normally the whole body is not exposed to
radiation, various devices and techniques being employed
to limit as far as possible the field of irradiation to the
relevant part. The contribution to the genetically signifi
cant dose from different examinations therefore varies
so that a rather detailed analysis of the exposed groups,
as has been made in annex G, is necessary in order to
obtain a comprehensive estimate of the dose to the popu
lation arising from diagnostic procedures. Furthermore,
dose estimates have to be made on the basis of a limited
sample of the population; these estimates may be liable
to bias since rigorous sampling methods have so far been
applied in only a few cases.

22. Table II shows the total annual genetically signifi
cant doses received from X-ray examinations by the
populations of those countries and areas from which

. data have been made available to the Committee. The
values of the genetically significant dose that have been
reported to the Committee appear to range from 6 mrem
to 60 mrem per year.Gt.bleXXIII Such a variability may
be due to a number of reasons. Differences in radio
logical techniques are certainly responsible for part of it,
but so are both the over-all and the relative frequency of
the various examinations, which may reflect either dif
ferent epidemiological situations or different medical
methods prevalent in each country.

23. More than 80 per cent of the genetically signifi
cant dose from diagnostic procedures is contributed by



29. Fn?m this. survey of the various co~ponents of
"the genetically significant dose due to medical irradia
tion, it appears that the diagnostic use of X-rays is by
far the maj or contributor. Radiological practices are at
present the largest artificial source of radiation to which
human populations are exposed, at least in countries
with good medical standards. Any measure which would
reduce the genetically significant dose without decreas
ing the value of radiological facilities deserves serious
attention. Such measures might include the avoidance of
all unnecessary examination, especially in younger sub
jects, and the use of the best techniques and equipment
"to reduce the individual doses to the gonads.

M arrow doses

30. The importance of marrow doses is due to the fact
that the active, or red, bone marrow contains blood
forming cells which, under the effect of irradiation, may
give rise to leukaemias. The active bone marrow has an
uneven distribution in the body, so that the extent to
which blood-forming cells are irradiated depends on the
"type of examination performed. A knowledge of the
marrow distribution is therefore needed to compute
rnarrow doses.G 70 The active bone marrow is mainly
associated with spongious bone so that as much as 80
per cent of it is found in the bones of the head, of the

1spine and of the lower limb girdle. Accurate quantitative
gh data are limited, however, especially as regards the

C changes of distribution of marrow with age and with
various diseases, and studies in that field should be

> encouraged.

31. It has been assumed, as a basis for computing
bone-marrow doses, that the irradiation of, say, one

of the bone marrow with a given dose has the same
effect as the irradiation of the whole bone marrow with
a dose ten times lower. This leads to the use of per capita
mean doses to the bone marrow as estimates of the popu
lation doses from individual irradiations. Two factors,
therefore, enter into the computation of the per capita
mean dose from a given radiological procedure, the fre
quency with which that procedure is applied and the
mean dose to the bone marrow.

32. A limited number of estimates of the mean bone
marrow doses from diagnostic examinations have been

81 These indicate that the examinations involving
fluoroscopy, such as those of the upper and lower gastro
intestinal tract, and examinations of the pelvic region
are those which give rise to the highest mea~ bone-m~r
row doses. The mean marrow doses received during
external radio-therapy treatments may be considerably
higher than those received during diagnostic examma
tions. GSG

33. The data submitted to the Committee are not suffi
cient to make possible an accurate estim~te of the per
capita mean marrow doses to the population. The data
are however consistent with the estimates made by the
Co:mnittee i~ its first report in which a value of .50-~00
rnrern was accepted as representative of the contribution
to the bone-marrow dose from diagnostic procedure?,
including fluoroscopy. No reliable estimate of the contri
bution from therapeutic irradiation can be made at the
present time. The Committee is. aware t~at a number of
investigations are currently being carned out and ex
pects that these will make possible, in the ne<l;r fut~n~, a
more detailed and accurate appraisal of the irradiation
of the bone marrow due to medical procedures.

Irradiation of other organs and tissues
34. Although gonads and bone marrow are the organs
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of the .gr~atest importance in view of the possible effects
of radiation o?- them, other organs and tissues may also
be Irradiated m the course of radiological examinations
and treatments.GO

l-0
7 Some of them deserve particular

attention during certain procedures, in particular the
eye lens during examinations of the head, the thyroid
gland during administration of iodine-Ldl, and foetal
tissue when radiological examinations are carried out
during pregnancy. Here also the reduction of the dose
to these organs can be achieved by technical improve
ments and, in the case of foetal irradiation, by confining
radiological examinations during pregnancy to those
justified by clear indications.

(2) OCCUPATIONAL IR10DIATION

35. Individuals may be exposed to radiation as a con
sequence of their occupation, either because they are
directly engaged in radiation work (medical practices,
industry, research etc.) or because their occupational
activities take place where exposure to radio-activity is
significant. The exposures can be external or internal,
the latter arising through inhalation of radio-active gases
and dusts, and through ingestion of radio-active material.

36. Some data are now available from five indus
trialized countries on the number of subjects occupa
tionally exposed.G105-107 These range from 0.3 to 0.8
individuals per thousand of total population, and figures
from countries with comparable medical and industrial
standards are probably not higher.

37. Data have also become available on the occupa
tional genetically significant doses in three of the coun
tries referred to above.Gm These do not exceed 0.5
mrem per year as averaged over the whole population.
In one of these countries about 40 per cent is due to irra
diation incurred in atomic plants.

38. Such low values were achieved through strict
adherence to protection practices based on recommenda
tions of the ICRP.

39. A potentially significant source of occupational
irradiation is related to high-altitude flights (above
26000 metres) during which persons on board aircraft
may receive high doses of cosmic radiatiou:Gm-114 Such
irradiation is of little concern at present, since commer
cial aircraft seldom fly at altitudes higher than 12,000
metres and flights at higher altitudes are usually of v~ry
short duration. A different situation may, however, arise
if high altitude flights are operated in the future.

(3) IRRADIATION FROM MISCELLANEOUS SOURCES

40. Many objects in common use contain r~dio'active
material or emit radiation. Luminous watch dials are the
most common but a host of luminous devices are to be, ., . b G1l7-126 Afound on the market m increasing num er~. ..
number of other objects also incorporate radio-activity:
these include static charge eliminators, st:?~ke detectors,
electronic tubes and ceramic glazes contaimng uramu1?-.
X-rays are emitted from telev~si0l!- sets and from c~rtam
electronic devices. The contributions to the genetically
significant dose from each of these sources are small, but
their total annual dose may be a few mrem.

41. The contribution that ?C-ray shoe-~ttin~ devices
make to the genetically significant dose IS difficult to
assess. However, when inappropriately used, they may
give rise to a substantial gonad dose, both to the customer
and to the sales staff, as well as a lar&e dose to the cus
tomer's feet.Gll OThe use of such devices has been pro
hibited in some countries.



C. Irradiation from radio-active contamination
of the environment

( 1) EXPLOSIONS OF NUCLEAR WEAPONS

42. Nuclear explosions, as mentioned in chapter H,
paragraphs 20 and 21, are sudden releases of energy
produced by fission or fusion reactions." The release of
energy is accompanied by the production of varying
amounts of fission products depending on the extent to
which the explosion involves fission processes. In addi
tion, as was explained earlier, both fission and fusion
reactions also induce radio-activity in the environment
because of the neutrons they produce.

43. Nuclear explosions can be carried out under a
variety of conditions, in the atmosphere at various alti
tudes, underwater or underground. In each case the
extent and type of the environmental contamination are
different. T.his report deals mainly with explosions in
the atmosphere since these have been, by far, the most
significant source of man-made radio-activity in the
world environment and because very few data have been
received regarding underground or underwater ex
plosions.

44. Underground explosions'T" should not give rise
to significant environmental contamination, but some
leakage of radio-active vapours may occur. Since the
radio-activity of some fission products persists for a
long time at the site of an underground explosion, some
contamination of the environment due to water infiltra
tion, or to other factors, may occur.

45. Nuclear explosions result in the production of
radio-active nuclides of various half-lives, from a few
seconds to several thousand years. FI11- 15 The composi
tion of the radio-active debris will therefore be different
depending on the time which has elapsed since the ex
plosion, as short-lived nuclides progressively disappear.

46. When an atomic device is exploded in the atmos
phere, the extremely large amount of heat produced
makes the resulting fireball rise, while the coarser par
ticles caught up in the explosion when this occurs close
to the surface, fallout onto the ground in the vicinity of
the explosion site. These particles are heavily contami
nated with fission products and constitute the so-called
local fall-out.FIB2-88 Vapours of the substances involved
in the explosion which condense into smaller particles
continue their upward movement, the height eventually
reached by the cloud so formed depending on the altitude
and power of the explosion. The debris from explosions
up to several tens of kilotons that are carried out at
~ound level will mainly remain in the troposphere, i.e.,
III the lower layer of the atmosphere (below approxi
mately 10 km altitude), while that from more powerful
explosions will cross the boundary of the troposphere
the so-called tropopause-and reach the stratosphere,
and only a small portion will remain in the troposphere.

47. In the troposphere the cloud is carried by winds
and by the process of turbulent mixing.FI5S-00 It also
undergoes both horizontal and vertical movements owing
to various meteorological factors such as changes in tem
perature and pressure. In the course of its movements in

* In a nuclear explosion the total energy release is compared
with the energy release by TNT (trinitrotoluene) when it ex
plodes. Thus a l-kiloton nuclear explosion is one which produces
the same energy as the explosion of 1 kiloton (loa tons) of
TNT, namely of about 101 2 calories. Similarly a l-megaton
explosion would correspond to the explosion of 1 megaton
(10 6 tons) of TNT.
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the troposphere, the cloud will be progressively depleted
of its particles owing to washout by rain, gravitational
settling, and direct impaction on surfaces. About one
half of the debris released in the troposphere is deposited
in some twenty to forty days.

48. In the stratosphere latitudinal movements also
occur, but turbulent movements are much less marked
than in the troposphere, owing to the temperature sta
bility of the stratosphere.FIB8-47 From the stratosphere,
cloud particles are progressively transferred to the tropo
sphere where they are eventually deposited on the
ground (stratospheric fall-out). The passage from the
stratosphere to the troposphere is, however, normally a
slow process, so that the debris injected into the strato
sphere remains there for a time before being re
moved.FI4s-52 A stratospheric reservoir of radio-active
debris is thereby created.

49. The period during which radio-active debris re
mains in the stratosphere is of importance, owing to
radio-active decay. Depending on the time spent in the
stratosphere, a greater or smaller fraction of these radio
active nuclides will have decayed to stable ones by the
time they reach the ground, so that the shorter-lived ones
may have virtually disappeared. The time spent by the
debris in the stratosphere may be expressed as half
residence time, the time required for half of it to be
removed.']

50. In the first report the half-residence time was
taken, for purposes of evaluation of future fall-out, to
be the conservative value of seven years, although the
best value was thought to be 3Y;; years. This estimate was
based on simplified assumptions as to the mechanism of
removal and on the amount of debris present in the
stratosphere, as well as on the observed rates of d~osi

tion. More accurate estimates are now available, 4.1f...

as a consequence of direct measurements of the amount
of debris in the stratosphere and of improved methods of
dating fission products originating from individual ex
plosions. Moreover, the discontinuance of significant
stratospheric injections from the end of 1958 to the
autumn of 1961 made it possible to study the movement
of radio-active debris in the stratosphere without the
complicating factor of renewed injections.

51. It has become apparent that the half-residence
time of the debris varies with the energy of the ex
plosion since this affects the height to which the products
are carried. There is some evidence that half-residence
times are shorter for explosions in higher latitudes and
also for explosions at lower altitudes. Estimates have
ranged from as short as a few months for low altitude
explosions in ten.lperate and polar latitudes, to some five
years for explosions at altitudes above 45 000 metres in
the tropical belt. '

Rate of deposition of radio-active debris on
the earth's surface

52. The rate and distribution of deposition of debris
from nuclear explosions depends on several fac
tors,FI72-70 in particular on the amount of debris in the
atmosphere, and on meteorological situations. The latter
show :vide variations and account for the large differ
ences III fall-out rates observed between different areas
and in different periods of the year.

t The mean residence time of the .debris in the stratosphere is
als,? freque?tly used and can be obtained by mulbplying the half.
residence time by the factor 1.44.



53. The deposition is highest in the temperate lati
tudes and a peak in the rate of deposition is usually
observed in spring.FlSO-SO This may be attributable to the
rate of exchange of air between stratosphere and tropo
sphere, to the positions where these exchanges take place
and to other meteorological conditions.ll'HS-82

54. Since the majority of tests were carried out in the
northern hemisphere and since exchange between the
stratospheric air of the northern and southern hemi
sphere is slow, the stratospheric reservoir is larger north
of the equator than southFI97-99 in the early period after
explosions and, accordingly, rates of deposition are
higher in the northern hemisphere.

55. The accumulation of the debris depends on the
properties of the ground on which it falls since the debris
can be washed off by rain from impermeable surfaces.
In soil, rain and agricultural practices affect the penetra
tion. Part of the debris falling on plants may also be
washed off but some is retained on the surface or
absorbed.

56. Many radio-active nuclides of various half-lives
are present in fall-out and those radiologically most im
portant are zirconium-95 (9 weeks), niobium-95 (5
weeks), caesium-137 (30 years), strontium-90 (28
years), carbon-14 (5,760 years), iodine-131(8 days).
Some of them contribute to both internal and external
exposure, others either to the external or to the internal
exposure only.

External irradiation

57. The main contributions to the external irradiation
due to fall-out come from the first three above-men
tioned nuclides which all emit gamma rays. In estimating
the tissue dose delivered from outside the body from
deposited fall-out, allowance must be made for the
shielding effect of buildings and therefore for the frac
tion of time spent out of doors which in turn is subject
to geographical, age and social variations.

58. On account of the great difference between their
half-lives, the respective contribution of zirconium-95
+ niobium-95 and caesium-137 to the total tissue dose
from stratospheric fall-out depends on the stratospheric
residence time. Because of the relatively short half-life
of zirconium and niobium, much of their decay, when
the residence time is long, may occur before deposition,
whereas caesium-137, with a half-life of 30 years, decays
mainly after deposition on the ground and consequently
still contributes a substantial tissue dose.

Internal exposure

59. Strontium-90, caesium-137, iodine-131 and car
bon-14 are the main contributors to internal exposure.
The chemical properties of strontium and, therefore, of
its isotope strontium-90 (half-life 28 years) are similar
to calcium, an essential element for all organisms.FII9-12

60. Diet, including both plant and animal foods, is the
principal source of strontium-90 in man; inhalation and
drinking water usually make only a very small contri
bution. Since the last report, considerable progress has
been made in our understanding of the transfer of stron
tium from fall-out to the human body through the food
chain and of the importance of the various factors
involved. It has become apparent that, when the amounts
currently being deposited are relatively high, the quan
tity of strontium-90 which enters human diet may de- .
pend more on direct contamination of the vegetation
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through deposition on leaves, on inflorescences and .on
the bases of perennial plants than on absorption from the
soil by the roots. FII21, 108-107 This was generally the case
up to the end of 1959. When fall-out rates decline, how
ever, absorption from the roots, and therefore the cumu
lative amount present in the soil, becomes the predomi
nant factor. This occurred in 1960 and 1961.

61. The amount of strontium-90taken up from the
soil depends on many factors, the most significant of
which are the available calciumFII16-17 and the depth to
which the strontium-90 has penetrated.FII11l Strontium
90 and calcium enter plants from the soil approximately
in the same ratio in which they are available to plant
roots; this may, however, be very different from the
ratio of the total quantities present in the soi1.FII17

62. The ratio of strontium-90 to calcium is lower in
foods of animal origin such as milk, owing to discrimina
tion against strontium-90 relative to calcium in passage
through the animal body. Thus the average ratio in milk,
both from animals and man, is about one-tenth of that
in the diet from which it was derived.FII29

63. To evaluate the strontium-90 intake of human
populations, it is important to know the ratio of stron
tium-90 to calcium in the total diet.FIH1-S0 All data avail
able to the Committee are summarized in annex F, part
II, table IV. While the information is still incomplete for
large areas of the world, enough data have become avail
able since the last report to make indirect estimates pos
sible for some areas where few measurements have been
made.FII94-09 The ratio in the diet depends on its com
position and on the areas in which its components are
produced. Geographic, economic and cultural factors
therefore are important. It appears that differences in
diet have usually not caused dietary levels to vary more
than about twofold in areas of similar fall-out.

64. It has been found that the ratio of strontium-90 to
calcium in milk had hitherto borne a relatively constant
relationship to that in the total daily intakeFlI94-00 in diets
where milk is the main source of calcium. The ratio in
these diets has usually been about 1.4 times that in milk.
In countries where milk is important in the diet the mag
nitude of the ratio of strontium-90 to calcium in the
total can thus be inferred for measurements of milk.
When, however, milk is of lesser importance, other
dietary constituents must be examined to estimate the
ratio in the total diet.

65. Once strontium-90 has been absorbed from the
gastro-intestinal tract, its distribution in the body fol
lows closely that of calcium. It is therefore deposited
in the skeleton and retained for a period of years. FII 81,811

The concentration in new bone depends primarily on the
ratio of strontium-90 to calcium in the diet, but discrimi
nation against strontium occurs during its absorption
through the gutFII88-86 and in other physiological proc
esses, so that the average observed ratio of strontium-90
to calcium in bone is about one-quarter of that observed
in the diet.Il'II 88.84 Values for the ratio of strontium-90 to
calcium measured in bone from many areas are given in
annex F, part II, table XX, and a comparison of
dietary and bone values for broad geographical regions
in table XXIV. The highest ratios of strontium-90 to
calcium in both diet and bone have been found in north
ern temperate regions, where the deposition has been
highest.

66. Considerable age-dependent variations have been
observed in the strontium-90 content of bone,FIIS2-S-4 the



highest value being for children between one and two
years of age. The average level is lower in children born
before the beginning of diet contamination and is lower
still in adults. The difference between age groups reflects
differences in the extent to which bone has been laid
down since fall-out commenced.

67. Strontium-90 and its daughter yttrium-90 give
rise to beta radiation, which despite its limited range
irradiates not only the bone itself but also the bone
forming and blood-forming cells which line or are con
tained in the bone cavities.

68. With some exceptionsFII124 the absorption of
caesium-137 from soils by plant roots is relatively
poor ;FIl123-127 thus its entry into man's diet depends
primarily on the rate of deposition. The cumulative de
posit of caesium-l 37 is also important, however, because
it contributes to external irradiation and will enter the
diet when the amount in the soil is high compared with the
rate of fall-out. Caesium-137 is distributed rather uni
formly throughout the body and is retained for a much
shorter time than strontium-90, 50 per cent of it being
removed in about four months.FII1a'()"132 Fewer data are
available on its concentration in food than for stron
tium-Sf), but because it emits gamma radiation the body
content of living subjects can be measured directly with
whole body counters. The number of these is still limited,
but sufficient measurements are available to enable rea
sonable estimates to be made of the content of caesium
137 in the body, at least in the regions of highest
deposition. Because of the relatively rapid turnover in
the body, large age-dependent variations do not occur.

69. The explosion of nuclear weapons has consider
ably added to the amount of carbon-14 in the atmosphere,
which rose by approximately 30 per cent between 1953
and 1959, although this increase had a value of only 20
per cent in 1960.FI01-04,115 This artificially produced car
bon-14 follows the same mechanism of distribution as
that produced by cosmic radiation, from which it cannot
be distinguished. The dose-rate from the artificially pro
duced carbon-14 is small compared with other nuclides
produced by nuclear explosions. Because of its very long
residence time in the biosphere, however, the carbon-14
produced by tests up to the present time will continue
to irradiate future generations for thousands of years,
although at a progressively decreasing rate.

70. Iodine-131 is readily absorbed through the ali
mentary tract and is selectively concentrated in the
thyroid gland. It is also secreted in milk. Owing to its
short half-life, iodine-131 is important for only a few
weeks after an explosion. It reaches the body through
the ingestion of fresh foods, milk being the principal
source in many areas.Flh52-153

Future leuels of deposition

71. The global rate of fall-out depends, as was men
tioned in paragraph 52, on the amount of debris present
in the stratosphere. It also depends on its half-residence
time as established on the basis of a simplified model of
dcposition.Fl105-108 In the absence of tests, depletion of
the stratosphere progressively takes place and the rate
of fall-out decreases accordingly. Any injection of
debris in the stratosphere is followed, after a period of
time, by a rise in fall-out rates of a magnitude roughly
proportional to the amount injected.

72. The continuation of fall-out will add to the radio
active nuclides already present on the surface of the
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earth. The accumulated deposit will increase until it
reaches a maximum when the rate of fall-out equals the
rate of decay and of removal of the accumulated radio
active material. The maximum will occur at different
times for different nuc1ides, depending on their individ
ual half-lives. When rates of fall-out are lower than the
rate of decay and of removal, the amount of radio-active
material present on the surface of the earth will decrease
until a new equilibrium is set up. In the absence of depo
sition, the accumulated deposit of radio-active nuclides
will eventually be reduced to zero.

73. When the amount of debris present in the strato
sphere and its half-residence time are known, it is
possible to predict the rates of deposition and the accu
mulated deposit in the near future for individual
nuc1ides.Fl109 However, as accurate data regarding both
the amount of debris injected in the stratosphere and its
half-residence time are only available up to the end of
1960, the estimates of future deposition are based on
assumptions. According to these, one megacurie stron
tium-90 and 1028atoms of carbon-14 were injected dur
ing 1961 and the half-residence time of this debris is
2.5 years.FI1l0-1l4

74. No realistic prediction regarding the fall-out from
possible future testing can obviously be made, since tests
might be carried out in a variety of conditions and at
very different rates. Theoretical calculations can, how
ever, be useful insofar as they indicate the magnitude
of the contamination of the environment and of the radi
ation doses under hypothetical and arbitrary conditions
of testing. These are assumed for illustrative purposes
only, since different conditions of testing and different
rates of testing would result in correspondingly different
doses.FI1l0-1l4,1l0,120

75. Knowledge of the mechanism of transfer of nu
elides from soil to man through the food chain enables
us to predict their expected concentration in the diet
from estimates of future deposition on the basis of meas
ured data up to 1960 and of the above-mentioned
assumptions regarding 1961.

76. Estimates of the future world average concentra
tions of strontium-90 in the diet can also be made on the
assumption that test explosions will be continued at a
steady rate of one megacurie strontium-90 and l02s
atoms of carbon-14 injected annually into the atmos
phere starting in 1961. Under conditions of testing at a
steady rate, an equilibrium between rates of deposition
and rates of decay and removal would eventually become
established so that the amount of radio-active nuclides
accumulated on the surface of the earth, and therefore
transferred into food, would become constant. The
equilibrium values for long-lived nucli des depend pri
marily on the rate of testing. They depend to a lesser
extent on the residence time of the debris, and therefore
on the latitude and altitude of the explosions. For short
lived nuc1ides, however, the residence time greatly in
fluences the equilibrium values.

Doses of radiation from fall-out

77. The doses of radiation due to fall-out depend on
the ty~ and amou~t of radio-active nuclides present in
the environment. Since both the amounts and the relative
proportion of different nuclides vary with time and
since dep~sitio.n shows geog~aphical variations, the prob.
lem of estimating doses received by the world population
as a whole are particularly complex.FIII t - 5,26-33 The dose
rate in a given year has little interest per se because all



TABLE Ill. DOSE COMMITMENT FROM ASSUMED PRACIICE OF TESTING, 1954-1961
(8 years)

the separate and varying yearly rates must be added in
order to obtain an estimate of the total dose and there
fore to predict the effects from a given series of explo
sions. It is ther~for~ more appro1?riate to compute the
t?tal dose contT1butlO~ th~t. IS being, and will be, de
livered by the material injected during past explo
sions. 1I15

-
21 This contribution is called the dose commit

ment of the population due to these explosions.
78. Table III gives the dose commitment from the

Dose Fraction of dose
commit1nent commitment

(mrem) reached 0:; ZOOO

30 0.97

11 1.0
70 0.10

111 0.42

30 0.97

79 0.91
19 1.0

116 0.10

244 0.54

30 0.97

40 0.91
14 1.0
70 0.10

154 0.56

assumed testing practice, from 1954 to 1961, for ex
posure of the gonads, the bone cells and the bone mar
row. It also shows the fraction of the dose commitment
that will be reached by the year 2000. The dose commit
ment is the world average obtained by weighting doses
with geographical and population factors allowing for
the non-uniform distribution on the globe of both fall
out deposits and human population.II'IIItableXI

80. Table IV gives the dose commitment per year of
future testing at the yearly rate of 1 megacurie of stron
tium-90 and 1028 atoms of carbon-14 injected into the
atmosphere. "

(2) DISPOSAL OF RADIO-ACTIVE WASTES

81. The controlled fission reaction which takes place
in a reactor produces, as was pointed out in chapter 11,
paragraph 20, both energy and radio-active fission prod
ucts. Some of these products have economic value or
scientific interest but most have not, and therefore pre
sent a problem of long-term storage or disposal. Wastes
also inevitably result from chemical processing of radio
active materials and in the industrial and medical uses
of radio-isotopes.

82. In an ideal situation no wastes would be disposed
of but would be stored in adequate containers so that no
leakage would take place. As is well known from ex
perience in the normal chemical industry this is prac
tically impossible to achieve; airborne and aqueous
effluents will always contain some amounts, however
small, of waste material. It is practicable, however, to
store all highly radio-active wastes,1l'IV8-10 if necessary
after concentration so as to reduce their volume, and
possibly after reduction to the solid state; in this way
the probability of their dispersion becomes very remote.

83. Wastes consisting of very dilute aqueous solutions
or suspensions of radio-active materials are customarily
released into rivers, lakes and seas, where further dilu
tion is achieved.FIvu-23 Such practices undoubtedly add
to the contamination of the environment which may
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3.8

3.1
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3.8

10.5
5.3

37

57

3.8

5.3
3.9
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Dosecommilment
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(mrem)

External. , " .
Internal

CS137 •••••••••••••••••••••••••••••••••

C14•••••••••••••••••••••••••••••••••••

TOTAL

TOTAL

TOTAL

Source of radiation

External .
Internal
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CS137 ••••••••••••••••••••••••• " ••••••
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External. , .
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CH.; ................•................
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External .
Internal

Sr lO••••••••••••.•••••
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CH..•.... , .

Source of radiation

TOTAL 35

External , .
Internal

Cs1l7 " ..
CH '" "

TOTAL

External , .. " .,
Internal

Sr 90••••••••••••••••••

Cs1l7 .
CH ,

Tissue or organ

Gonads

Cells lining
bone surfaces

Bone marrow

79. It appears from the table that the dose commit
ment refers to an exposure which is almost entirely
completed within fifty years, except for the further con
tribution of the very long-lived carbon-14. It can be
shown that only after about 20,000 years will 90 per cent
of the total dose due to carbon-14 be delivered, whereas
the same fraction of the total dose due to strontium-90
and to caesium-137 is delivered in less than 100 years.

T ABLE IV. DOSE COMMITMENT PER YEAR OF TEST IN
THE CASE OF FUTURE TESTING

Gonads

TiSJUI or organ

CelIs lining bone
surfaces

Bone marrow



necessitate carefully planned monitoring in order to
ensure that no danger arises.

84. Once released into the environment, some radio
active materials may be taken up by plants and thus be
transferred into animals and man through the diet in a
similar manner to fission products from nuclear tests.

85. The still limited use of atomic energy for peaceful
uses and the present waste disposal practices are be
lieved to make a negligible contribution to the doses of
radiation received by the population of individual coun
tries. It is to be expected, however, that the expanding
applications of atomic energy will, in the foreseeable
future, make this aspect of the control of environmental
contamination increasingly important.

(3) ACCIDENTAL RELEASES OF RADIO-ACTIVITyFIV 34-all

86. Either during the operation of a reactor or during
the processing of radio-active material, accidents may
occur which may release activity into the environment
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and result in the exposure to radiation of persons who
are near the place where this happens. The amount and
range of contamination obviously depend on so many
factors inherent in the accident itself, and in the site
where it occurs, as to preclude any simple discussion of
this subject.

87. Past accidents have sometimes entailed consider
able irradiation of a few people only who were working
in the plant where the accident happened. In one case,
however, substantial amounts of radio-active fission
products, particularly iodine-l3I, were spread over an
appreciable area. As a consequence of the measures
taken, such as restrictions in the consumption of milk,
the doses received by individuals in the population in
volved were, however, quite low.

88. The possibility of serious accidents can only be
assessed on the basis of past experience. This is still
limited but suggests that large accidental releases, of
such a nature as to Cause concern for the health of indi
viduals in the population, are likely to be extremely rare



CHAPTER VI

COMPARISON OF DOSES AND ESTIMATES OF RISKS

1. The effects of radiation on human beings have
been discussed in chapters III and IV. In the present
chapter the contributions of the main individual sources
to the total irradiation of the population will be com
pared on the basis of the effects that they might produce.

2. Among the effects of radiation which may be sig
nificant in those dose ranges to which large human popu
Iations are exposed, only the induction of mutations, of
leukaemia and of bone tumours will be dealt with in the
present chapter. Other effects, such as the induction of
other malignant tumours or life-shortening might be
equally relevant, but our knowledge is still too limited to
enable us to assess the importance of radiation in their
causation.

Dose-rates and risks

3. The deficiencies in our knowledge of dose effect
relationships should be emphasized. In the induction of
gene mutations, the frequency of induced mutations is
believed to be strictly proportional to the dose, for a
given dose-rate.?" However, the proportionality factor
for man cannot be estimated adequately at the present
time.

4. For the induction of malignant changes, the uncer
tainties are still greater, since it is not certain that the
incidence of such effects is proportional to the dose, and
the only available information has been obtained at doses
and dose-rates much higher than those to which the
warId population is exposed. No alternative hypothesis
regarding the relationship between dose and the fre
quency of induction of malignant changes is, however,
indicated in the present state of our knowledge, and pro
portionality at low doses will therefore be assumed for
the purpose of calculation.R s- l s

5. For gene mutations and malignant changes, the
effects will be considered to be proportional to the per
capita mean doses to the relevant tissues. This follows
from the assumption of proportionality between do~e

and effect, and it implies that the frequency of effects 111

the whole population would be the same whether, ~or

instance, all individuals received the same dose of radia
tion, or half of them received twice as much. The basis
for this estimate of comparative risks applies particu
larly to the small doses and dose-rates with which we
are concerned and is discussed in detail in annex H.

6. The time in which radiation causes effects need not
influence this estimate of comparative risks and the
choice of the interval over which to define the expected
incidence is immaterial provided that: (a) the latent
periods elapsing between the irradiation and the onset
of the effect in various individuals are close to the aver
age and (b) the duration of the average latent period is
constant at all doses. If condition (a) is not met, allow
ance must be made for the expectation of life in the
population, and therefore for its age distribution. The
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latent period for the induction of gene mutations is ex
tremely short. The latent period for leukaemia also may
well be short relative to the life-span since there is some
evidence that the incidence of leukaemia is declining
among the irradiated population of Hiroshima and
Nagasaki (chapter Ill, para. 23). It will be assumed in
the present chapter that conditions (a) and (b) are
fulfilled.

7. If proportionality is assumed between dose and
incidence of effect, only the ratio of the doses clue to
different Sources needs to be calculated in order to obtain
the comparative risks from these sources.

8. In the first comprehensive report of the Com
mittee risks were computed using tentative estimates of
the relevant proportionality factors between doseand the
frequency of effect. The theoretical character of these
estimatesas well as the hypotheses on which they rested
were emphasized. The Committee is of the opinion that
less reliance can now be placed on such estimates, as has
been explained in chapters III and IV. Comparative
risks only will therefore be computed in the present re
port, by using the ratio of the doses delivered by the
different sources. It should be clearly borne in mind that
various assumptions are involved even in this approach.

Comparative risks due to irradiation
from various sources

9. With regard to irradiation received in the course of
occupational exposure, the definition of "maximum per
missibledoses" rests on the concept of a balance between
the practical requirement for the work concerned and
the limitation of the hazards involved. While appreciat
ing the necessity in operational control of defining maxi
mum permissible doses for groups of individuals in
relation to particular circumstances, the Committee be
lieves that the comparison of doses from various sources
with maximum permissible doses valid for different
circumstances is likely to be misleading here and would
introduce considerations extraneous to the concept of
risk, which is based on the appraisal of harmful effects
only.

10. Comparative risks can be computed for any two
sources of radiation. Since man has always been exposed
to natural radiation at an approximately constant rate,
natural sources will here be taken as the reference stand
ard on which to base comparisons with other sources.
The annual doses arising from natural sources have been
given in chapter V, table 1. As was mentioned earlier,
these doses are subject to geographical variations which
are well enoughknown to make possible the computation
of a rough population-weighted world average. Progress
in the study of natural sources is, however, desirable
because they form a useful basis from which compari
sons with other sources can be made.

11. However, for each source of radiation, the com-



parison with natural sources presents some difficulties of
its own. Medical irradiation does not involve the whole
population of a given country, so that appropriately
weighted doses to the population, for example the ge
netically significant doses (chapter V, paras. 19-20),
must be computed. Moreover, medical irradiation in
volves short exposure times, and the dose-rates may be so
much higher than those arising from natural irradiation
that the factors of proportionality between dose and
effect may be different and therefore comparison with
natural irradiation may underestimate the risk arising
from medical sources. It must be also recognized that
data regarding medical exposure are available only from
certain countries and districts with high medical stand
ards. Such areas are not likely to be representative of
the entire world situation.

12. Problems of a different nature arise when comput
ing relative risks due to fall-out from any finite period
of testing. The whole population is continuously ex
posed to radiation from such a source, but at a varying
dose-rate. Since the rate in a given year is not repre
sentative of rates in preceding or following years, the
concept of dose commitment due to a certain period of
testing was introduced in chapter V (para. 77) to define
the total dose to be received by the population from the
radio-active material initially injected into the atmos
phere.

13. The dose commitment due to fall-out from a finite
period of testing is not an annual dose but a total dose
delivered over a very long period of time at a decreasing
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rate. One way of computing a comparative risk is there
fore to compare it with the total dose delivered by natural
sources over a finite period of time. The choice of the
period of time may be arbitrary, and in this report the
eight-year period of testing from 1954 to 1961 is used
(on the basis described in annex F). For conditions ol
continued testing, the relative risk is estimated by a
comparison of the dose commitment per year of testing
with the annual dose due to natural sources. I

14. Table I of this chapter shows the comparative
risks from the main sources of radiation in relation to
natural irradiation. Comparative risks were estimated
on the basis of the figures given in chapter V. The sec
ond column of table I is based on the ratio between doses
to the gonads (or the genetically significant dose in the
case of medical irradiation) from the various sources.
The values therefore compare the relative risks that
gene mutations will be induced by radiation from the
various sources, taking a value of 1 for the risk from
natural radiation. The third column gives the ratio be
tween mean bone-marrow doses from various sources
and therefore estimates the comparative risks of the
induction of leukaemia. Comparative risks of the induc
tion of bone tumours, as estimated from the doses to
the cells lining bone surfaces, are given in the fourth
column of the table. It must be emphasized that the com
parison of risks can only be made separately for heredi
tary and somatic effects. No comparison can be made
between somatic and hereditary risks, nor between risks!
of leukaemias and of bone tumours.

TABLE 1. COMPARATIVE RISKS FROM MAIN SOURCES OF IRRADIATION
(RELATIVE TO THOSE FROM NATURAL RADIATION, TAKEN AS 1)

Sourc«
Heredita,:;,"

effects

Somatic effects-

Leukaemia Ba". tumou,

Natural sources , . " .
Medical irradiation>....................•......•....
Fall-out from tests up to December 1961 ......•...•...
Fall-out from continued testing .........•.......•....

1.00
0.30
0.11
0.23

1.00
0.4-0.8

0.15
0.28

1.00
?

0.23
0.43

• No comparison can be made between hereditary and somatic effects (see para. 14).
.b Calculated on the basis of an information received, largely from countries with advanced

medical facilities,

15. For illustrative purposes the table gives estimates
of risks due to fall-out if tests were to be continued at
an assumed yearly rate (of 1 megacurie strontium-90
and 1028 atoms of carbon-14) inj ected into the atmos
phere.

16. The risk from testing is mainly due to carbon-14.
The doses from this nuclide are delivered at extremely
low rates over a very long period of time (chapter V,
para. 79 and table lII).
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17. The relative risks due to fall-out from tests during
the years 1954-1961 could alternatively be expressed in
terms of the number of years of natural irradiation that
would be required to deliver a total dose equal to tbis
dose commitment. Thus, the dose commitment to the
gonads from these past tests is equivalent to 0.11 X 8:::
0.9 years, and that to the bone marrow is equivalent to
0.15 X 8 = 1.2 years of exposure to natural sources.



CHAPTER VII

EVALUATIONS AND CONCLUSIONS

e

RADIATION FROM NATURAL SOURCES

7. The estimation of the radiation exposure from
natural sources has considerable importance, particu
larIybecause part of the normal occurrence of hereditary,
and perhaps some malignant, diseases may be due to
natural radiations. Moreover, as man has always been
exposed to such radiation, the dose received from natu
ral sources forms a useful basis of reference with which
the doses received from other sources may be compared.

8. Natural sources of radiation include cosmic rays
and those radio-nuclides which occur naturaIly in the
environment. The radiation that man receives from these
sources is described either as "external" when it reaches
the body from the exterior, as from cosmic rays or by
gamma radiation from radio-nuclides in the earth's crust
or atmosphere, or "internal" when it is derived from
naturally occurring radio-nuclides which have become
incorporated into the human body.

9. Investigations carried out during recent years have
enabled us to achieve greater precision in estimating the
radiation dose to which the world population is exposed
from natural sources. In particular, the contribution to
this dose from the neutron component of cosmic rays,
which had been disregarded in the first comprehensive
report, can now be taken into account despite uncertain
ties inherent in its evaluation. The inclusion of this con
tribution explains why the present estimates of doses
from natural sources are higher than those given in the .
previous report. Accurate estimates of the doses from
potassium-40 and carbon-14 have also become available.
Combining the estimated average contribution from cos
mic rays, that from external radiation from radio
nuclides in the environment, and that from internal
radiation from radio-nuclides within the human body,
the average yearly dose from all natural sources is now
estimated for various tissue and is about 125 mrem to
the gonads, 120 mrem to the blood-forming ceIls and
130 mrem to the ceIls lining bone surfaces.

10. Wide geographical variation has been observed in
the dose from most natural sources of radiation, both
internal and external. The exposure from cosmic rays
varies mainly with altitude, showing an approximately
twofold increase for each thousand metres rise in alti
tude. The external radiation from radio-active nuclides
occurring in the environment also shows geographical
variation, depending largely on the composition of un
derlying soil and rocks. While the average dose-rate
from these sources is about SO mrem per year in most
inhabited regions of the world, areas are known, as in
parts of the Kerala, and the adjoining, coast in India,

upon the radiation dose received by human tissues from
each source. A simple comparison of doses does not,
however, indicate the likely frequencies of harmful
effects if these doses have been delivered at widely dif
ferent dose-rates. The following paragraphs discuss the
sources of radiation to which man is exposed and the
doses incurred.

Levels of radiation
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1. In presenting its first comprehensive report to the
General Assembly in 1958 the Committee emphasized
that the conclusions of that report, as with any scientific
assessment, must be subject to revision in the light of
advancing knowledge. Since then, considerable progress
has been made in the field of study of the Committee, so
that much more information is now available and our
understanding of the effects of radiation is much in
creased. Although this makes it possible in many
instances to give a clearer account of radiation exposure
and effects, the complexities of the subject that have
been revealed by recent investigations have necessitated
a qualification of some previous statements.

2, Earlier chapters of the present report outline the
present status of our knowledge of radiation exposures
and effects and provide the basis for an assessment of
the significance of these exposures. The annexes contain
detailed information on which this outline is based. The
present chapter gives the conclusions arrived at in the
report. The Committee wishes, however, to emphasize
that the report should be regarded as a whole and that
individual sentences or assessments may be misleading
if taken out of their appropriate context.

3. The review and the evaluations made by the Com
mittee are in no way final and will undoubtedly require
continuing revision as scientific knowledge advances and
new databecome available, the present lack of which still
limits our understanding of some problems.

4. The Committee hopes that this report, by pointing
out subjects which require more investigation and
sometimes a fresh approach, will stimulate research and
discussion that will result in an improved understanding
of the effects of ionizing radiation on man and his
environment.

5. The main questions which the Committee has again
attempted to answer are:

(a) What are the levels of radiation to which man is
exposed from various external and internal sources
(including those arising from radio-active contamina
tion of the environment as a result of nuclear tests) and
how is this exposure distributed in time, in different
geographical areas and within different parts of his
body? It has been important to specify in particular what
doses and dose-rates of radiation from various sources
are received by the gonads (testes and ovaries), in view
of their genetic importance, and by those cells in which
malIgnant change may be induced by radiation, such as
the blood-forming cells of the bone marrow and those
lining bone surfaces.

(b) What are the effects produced by radiation, both
~n the irradiated individuals and on their offspring, par
tIcularly at those levels to which populations are cur
rently exposed?

6. The frequency with which harmful effects are
caused by each form of exposure depends essentially



where the external dose-rates may be over twenty ti~es
as high. The exposure from inte:nal s?urces also va.nes
geographically owing to the vanabl~ mtake. of ra~1Um
and of some other naturally occurrmg radio-nuclides.
The contribution to internal radiation from carbon-Id,
tritium and potassium-40 on the other hand is fairly
constant in different places.

MEDICAL EXPOSURES

11. It is now possible to place greater reliance upon
the estimates of the dose received from medical pro
cedures. Data from a number of countries with extensive
medical facilities and a total population of 200 million
arc now available. They indicate that for diagnostic
radiology the annual genetica~ly significant d~se ranged
from 6 to 60 mrern in the particular years studied. These
countries may be considered as representative of other
areas with comparable medical practice on which ade
quate data are not available in sufficient detail. How
ever, only a small fraction of the world's population is
covered and the estimates may not apply to larger areas
of theworld. The upper limit of the range does not exceed
half of the dose received from natural sources, although
no simple comparison is appropriate, owing to t~e much
higher dose-rates at which the doses from medical pro
cedures are delivered. A few types of examination,
which comprise a small fraction of the total examina
tions carried out in each country, contribute about three
quarters of the genetically significant dose. One of the
most important results of these investigations is the
evidence that this dose can be very substantially reduced
by the full use of appropriate techniques and equipment.
The genetically significant dose due to therapeutic irra
diation ranges from 2 to 13 mrem and that from the
medical use of radio-isotopes is less than 1 mrern per
year.

12. Limited data have been obtained for bone-marrow
doses and these are insufficient to furnish accurate esti
mates of mean doses. They seem to confirm, however,
the tentative estimates made by the Committee in its
first comprehensive report, in which a range from 50 to
100 mrem was accepted for the yearly contribution to the
bone-marrow dose, as averaged throughout the popu
lation, from diagnostic procedures, including fluoros
copy. No reliable estimates of the contribution from
therapeutic irradiation is possible at the present time.

OCCUPATIONAL EXPOSURES

13. The available data obtained from five industrial
ized countries show that at the present time the number
of workers who are directly engaged in radiation work
does not exceed eight per ten thousand in the population.
It has been observed that when proper radiation protec
tion methods are used, the great majority of these
workers receive very low doses of radiation. From in
formation collected in four countries, the genetically
significant dose to the general population resulting from
occupational exposures is estimated to be less than 0.5
mrem per year.

OTHER TYPES OF RADIATION EXPOSURES

14. In some countries, individual members of the
population may be exposed to various other sources of
radiation such as X-ray shoe-fitting machines, lumi
nous dials of clocks and watches, various devices in
corporating radio-active materials, and television sets.
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Apart from those from shoe-fitting ma.chi~es, the doses
delivered are unlikely to present any significant hazard
to individuals. The average exposure from anyone of
them is likely to be very small, although tc;1cen, together
they may make a small but slg11lfic~nt contribution to the
total genetically significant radiation dosage of popula
tions in some countries. World average values of the
total dose contribution to populations from these sources
are not available at the present time.

15. It is important that the exposure of populations
to radiation from such sources should be kept under
continuing review, as regards both the exposure from
each source and the aggregate exposure from them an,
The introduction of any new source involving substan
tial exposure of individuals or of populations should be
recognized and ~valuated at an early stage: ~n.example
in the future might be the exposure of individuals to
cosmic radiation in passenger aircraft flying at high
altitudes.

ENVIRONMENTAL CONTAMINATION FROM

NUCLEAR EXPLOSIONS

16. The contamination of the environment and the
radiation exposure of human beings from any nuclear
explosion depends very much on the type and yield of
the explosion, on its altitude and geographical location,
on the construction of the device as well as on whether
radio-active products are injected into the upper or lower
atmosphere, deposited locally on the earth's surface or
into water, or retained underground. The processes by
which radio-active material from nuclear explosions
causes radiation to human tissues are described in detail
in chapter V and in annex F.

17. Since the 1958 report of the Committee, our
understanding of the processes involved in fall-out from
the stratosphere and the lower atmosphere has been
increased considerably by information and continued in
vestigation on these subjects and in consequence of the
three-year period during which no significant strata
spheric injections of nuclear debris took place. The
resultant information has tended to confirm our views
as to the way in which fission products are removed
from the stratosphere and the mechanisms involved are
discussed in detail in annex F.

18. However, it has become clear that owing to
meteorological factors, the rate of fall-out tends to in
crease in the spring, and that the stratospheric half
residence time (or period in which half of any injection
is removed from the stratosphere) is often considerably ,
shorter than was estimated in 1958. Geographical as well
as meteorological factors have resulted in higher deposi
tion of fall-out in the northern temperate latitudes than
in the rest of the world.

19. In our previous report the amount of radio-active
debris present in the stratosphere (the so-called strata'
spheric reservoir) was estimated by calculation from the
observed fall-out rate and fr0111 a half-residence time i

which was assumed to be as high as seven years. A high
yalue was assumed as a precaution against underestimat- I

1l1g the dos~ to whi~h hum~n tissues would be subjected
from long-lived radio-nuclides. It is now known that the
amount .of str01~tit1m-90 present in the stratosphere was
over-estimated 111 consequence. Direct measurements of
the stratospheric reservoir have now been made by
means of high-Hying aircraft and balloons and the con
tent of the reservoir in very recent years has been esti
mated by this means.



20. The half-residence time of strontium-90 in the
stratosphere has proved to be critically dependent on a
number of factors, including the time of year at which
the explosion takes place, the latitude, and both the
height of the explosion above the earth's surface and the
altitude to which the fission products are carried into the
atmosphere. Debris injected in polar latitudes appear to
have a stratospheric half-residence time of between 6
and 12 months, whereas this time may be as long as 2
years for injections in the equatorial belt. A shorter
half-residence time for injections is important because
the resultant fall-out will contain short-lived radio
nuclides which will somewhat increase the radiation re
ceived by man from fall-out by adding to the exposure
due to the longer-lived radio-nuclides.FIII2B,50-5B

21. Much valuable information has become available
on the transfer of radio-active materials from fall-out
through the food chain, and our understanding of this
process is greatly improved. Estimates of the amount of
fall-out components, especially strontium-90, are now
available from many more areas and we also have more
information on the composition of the diet of many
populations.

22. There is now much more detailed evidence con
cerning the importance of direct contamination of the
leaves, inflorescences and stem bases of plants in intro
ducing fall-out material into the food chain, in addition
to that taken up by the plant from the soil. In some plants
such as cereals this effect is of particular importance
during the season when the flowers and ears are being
formed. The new information has greatly helped our
understanding of the transfer of strontium-90 from
diets of various types to human beings, in whom it is
deposited in bone.

23. Some data have become available on the rate at
which strontium-90 may be removed in harvested crops,
and also leached or washed down through the soil and so
away from the rooting zone of plants. These data indi
cate that the contribution to human irradiation of an
accumulated deposit of strontium-90 in soil is likely to
be halved in a shorter period than the 28 years that was
assumed for purposes of estimation in the previous
report.

24. It has been possible to obtain information on the
amount of strontium-90 taken daily in the diet in a num
ber of different regions of the world, and on the ratio of
strontium-90 to calcium in the diets of these regions. The
ratio of strontium-90 to calcium in the whole diet usually
is higher than that in the milk, the difference being less
for diets containing a large component of milk and milk
products. When the ratio for the diet as a whole is com
pared with the ratio in milk from the same region, it is
found that the over-all value for this type of diet is
usually about one and a half. But the value is higher if
plant products are important components of the diet.

25. Even for the many regions for which complete
dietary surveys are not available, therefore, it is possible
to make some estimate of the likely dietary intake of
strontium-90, provided that its concentration in milk
samples from these regions is known. However, if milk
is a minor component of diet, information on the stron
tium-90 content of other foods also is required. The
levels of contamination of several components of diet
show wide geographical variations connected with the
different cumulative deposition of strontium-90 in the
soil and the rate of fall-out. These differences and the
characteristics of the diet in different areas combined
with the geographical variations of fall-out lead to sig-
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nificant variation in the levels of contamination and in
the quantity of strontium-SO received by man in food.
The estimates made suggest that, over large areas in
which the rates of deposition are similar, differences in
the composition of the diet seldom result in more than
twofold, or in certain types of diet at most fourfold,
differences in strontium-90 intakes.

26. Our prediction of possible future concentrations
of strontium-90 in dietary constituents continues to be
based on the use of two factors, one depending on the
rate of fall-out and the other on the accumulated deposi
tion. Better values for such factors are now established
for various food materials from survey data and from
experimental methods, so that the dependence of dietary
and hence of bone contamination on fall-out conditions
can be adequately estimated.

27. The highest contamination of human bone with
strontium-90 continues to be observed in the northern
temperate latitudes. The average human bone concentra
tions in various parts of the world appear to be simply
related to the observed or estimated amounts of stron
tium-90 .present in the total diet, in the manner to be
expected from experimental studies. The concentration
of strontium-90 relative to calcium in new bone is about
one-quarter of that in the diet consumed while the bone
was being formed.

28. Caesium-137, unlike strontium-90, contributes to
both external and internal irradiation. Caesium-137 dif
fers from strontium-90 also in so far as it is not fixed
in the human body but is retained there for a period of
time, which is very short compared with that in which its
activity is significantly reduced by radio-active decay.
The rate of uptake of caesium-137, and therefore its
contribution to internal contamination, depends princi
pally on the rate of its deposition on vegetation since
caesium contained in most soils is usually very poorly
absorbed by plants, though there are some excep
tions.FII124 The contribution of caesium-137 to external
irradiation, however, depends on its accumulation on the
ground. There is some evidence that the contribution of
caesium-137 to external irradiation over undisturbed soil
is reduced by about 50 per cent in ten years.FIII15

29. Several years' data on mean concentration of
caesium-137 directly determined in the human body are
now available and apply to a large part of the world.
Geographical variation seems to be rather small. The
concentration of this nuclide, which showed a general
upward trend from 1956 to 1959, decreased in 1960 and
1961.

30. The present report deals much more fully than
was possible at the time of the previous report with the
formation of carbon-14 in nuclear tests and its contribu
tion to human irradiation. As a result of these tests, the
concentration of carbon-14 in the atmosphere and in
biological material had risen at the end of 1960 by 25
per cent above the concentration of the carbon-14
formed by natural processes, but the concentration of
this carbon-14 will decrease considerably in forthcoming
decades owing to the dilution of the nuclide in the oceans
if tests are discontinued. Although the irradiation of
future generations from this source will continue at a
decreasing rate for thousands of years because of the
long half-life of this nuclide, the dose-rate to human
reproductive and other tissues will be small in anyone
generation.

DISPOSAL OF RADIO-ACTIVE WASTES

31. The operation of atomic plants for the production



of energy and isotopes and the us~ of the latter for med
ical and research purposes may involve the release of
radio-active material into the air, ground or waters. At
the present time the contribution Irom this S(;lUrCe to
human radiation exposure 1S certamly small m com
parison with natural radiation and is .r~str.icted to loc~l
areas. However, with the increased utilization of atomic
energy and radio-active substances f~r peaceful uses,
releases into the environment are likely to become
greater than they are now, and consequently suitable
methods for safe disposal of radio-active wastes should
be maintained so as to minimize the dose of radiation
from these sources.

Effects of radiation

FUNDAMENTAL RADIO-BIOLOGY

32. The study of the effects of radiation on ~e!lular
and subcellular structures is a necessary prerequisite to
the understanding of radiat~on ef:£e~ts ~n. whole or
ganisms m so far as the basic radiation injury occurs
at the lowest level of organization. Fundamental radio
biology has received new impetus from the dramatic
advances made in the past few years by biochemistry and
biophysics. Our knowledge of the structure an~ mode of
replication of macromolecules and in particular of
nucleic acids has greatly increased, so that new insight
has been gained into the fundamental problem of how
genes act in controlling cellular structures and functions
and in ensuring that they are maintained in the products
of cell division.

33. The nature of the initial disturbances caused by
radiation at the molecular levelhas become better known,
as are the factors which may alter them. The changes
produced may be partly reversible, at least when studied
at the cellular or at higher levels. This may be the case
with gene mutation, which is believed to be due to a
specific change in chemically identifiable constituents of
nucleic acids.

34. The study of the relationship between dose and
effect at cellular and subcellular levels does not give any
indication of the existence of threshold doses and leads
to the conclusion that certain biological effects can follow
irradiation, however small the dose may be. When dose
effect relationships are studied at higher levels of organi
zation, however, it is now being increasingly realized
that the situation may be much more complex, since
many factors play a part between the occurrence of the
primary event and the final manifestation of radiation
damage.

SOMATIC EFFECTS

35. During the interval since the last report, our
knowledge of the somatic effects of radiation on man
(those effects which are produced on the individuals
exposed) has increased substantially with the demon
stration of the induction of certain transient somatic
effects by low doses of a few rad of radiation, and with
the confirmation that embryonic tissues are more sensi
tive than many adult ones to injury by radiation. Even
low doses may induce developmental disorders or malig
nant changes in embryos. Recent work has emphasized
the complexity of radiation effects, and the importance
of the qualifications that we made in our earlier report
with regard to the numerical estimates of the frequency
of the effects that would be caused by various doses of
radiation. The complexity of the dose effect relationships
is due largely to the fact that in different dose ranges,
different types of biological effect may be produced, and
a simple mathematical relationship is unlikely to apply.
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The data that have been accumulated since 1958 have
neither proved nor disproved the assumption made in
the first report that at low doses proportionality can be
used to estimate risks.

36. The early effects of large doses of radiation in
man have become better known as a result of the close
study of people who have been accidentally or thera
peutically irradiated. It seems likely that, for s~ort-tenn

whole-body irradiation of man, the dose causmg death
in 50 per cent of the exposed individuals may be about
400 rad, but possibly as high as 500 ~a~ an? as low as
300 rad. Persistent damage from radiation 1S apparent
after large doses approaching the lethal range. The pr~

dominant immediate changes after low doses are transi
tory ones, although persistent effects may be produced
after a long period of time.

37. Various chemical, physical and biological treat
ments have some value in decreasing the effects of radia
tion exposure in animals, but no specific treatment has
been established as having practical importance in man,
except for the relief of symptoms that are induced by
therapeutic irradiation of parts of the body. Several
methods are, however, under investigation for the treat
ment of acute radiation injury, or to reduce the amounts
of radio-nuclides which may have been taken into the
body.

38. Radiation exposure of animals, continued for
short or for long periods, causes a shortening of the life
span by an amount depending upon the dose received and
the dose-rate. It is probable that a similar life-shortening
occurs in man but the evidence on this point is incon
clusive and no estimate can be given of the amount of
any such effect.

39. Irradiation for short or long periods, either of
animals or of man, may cause neoplastic changes, of
which leukaemia appears to be the earliest to develop in
man. There is good evidence that in the range of doses
which it has been possible to explore (from 100 rad
upwards), the frequency with which leukaemia is in
duced increases with the dose of radiation received, but
no further evidence has been obtained as to the exact
relationship between the dose and the frequency of this
response. It does appear, however, that the annual inci
dence of leukaemia in the Japanese survivors of radia
tion at Hiroshima and Nagasaki, which had been rising
after the nuclear explosions in 1945, though still ele
vated, has been decreasing since 1958. There is evidence
to suggest that the incidence of some other forms of
malignant disease may now have increased, but it is at
present difficult to form a reliable estimate of the extent
of any such increase.

HEREDITARY EFFECTS

40. Progress in human genetics has been very signifi
cant since 1958. An entirely new field of study has been
opened owing to recent cytogenetic findings in man. The
normal diploid number of chromosomes for the human
species has been accepted as forty-six and certain serious
diseases occurring in one per cent of all children born
have come to be recognized as due to chromosomal
changes. A new class of possible radiation-induced dis
e.ases, the importance of which was unrecognized at the
time of the first report, has thus been demonstrated. The
occurrence of chromosomal anomalies has been demon
strated in somatic cells of irradiated individuals.

41. The concept of mutation induction as an instan
taneous process has been revised and evidence accumu
lates showing that for some mutations a finite period of
time elapses between the absorption of radiation energy



and the completion of the mutation process, during
which, depending on the physiological state of the cell,
at least partial repair of the damage may be possible. The
effectiveness of the repair mechanisms may be altered by
a variety of agents and conditions, and will also be de
pendent on the way in which the radiation is distributed
in time.

42. The frequency of gene mutations produced by
irradiation has been shown to be proportional to the
total dose received by the germ-cells. The proportion
ality, however, has been shown, in mice, fruit flies and
silkworms, to vary with certain factors including the
dose-rate. The dose required to induce as many muta
tions as naturally occur, the so-called doubling dose,
therefore also changes with the dose-rate. Doubling
doses are higher for low than for high dose-rates, the
observed difference in mice being fourfold for the male
and possibly larger for the female.

43. More data, however, are needed before the pos
sible magnitude of this effect in man can be evaluated so
as to enable us to make better comparisons between dif
ferent conditions of irradiation. In any event the recent
findings, while confirming the validity of the concept of
doubling dose in particular circumstances for a given
dose-rate, have shown that it is not possible to estimate
with confidence a representative doubling dose for man.

44. In spite of the preceding reservations there should
be no misunderstanding about the reality of genetic
damage from radiation. Although individual mutations
vary greatly in their effect, there is no doubt that any
increase in mutation is harmful. Further, we know that
mutations accumulate in germ-cells and we have no evi
dence from any experimental work for a threshold dose,
or rate of delivery below which mutations are not in
duced. In fact, it has recently been shown that a single
dose as low as 5 r increases significantly the number of
rnutations in the fruit fly. As regards man, the total dose
received by the average individual in the population is
still the most important indicator that we have of the
amount of damage induced.

45. It is likely that the great majority of gene muta
tions induced by radiation are identical with those which
occur "spontaneously". There is some evidence, how
ever, from lower organisms that radiation determines a
different proportion of certain harmful mutations than
that occurring naturally.

46. The most extensive study is still the investiga
tion of the offspring of parents exposed to the atomic
explosions of Hiroshima and Nagasaki. The investi
gators detected no significant increase in the frequency
of malformations or early deaths in the children of ir
radiated parents. Both this survey and a number of
other more limited investigations have, however, con
3istently shown that in the progeny of irradiated
mothers there is a significant excess of females over
nales. This has been attributed to the radiation-induced
(sex-linked) mutations which would reduce the num
»er of males born of those mothers. In the progeny of
r radiated fathers a more complex situation obtains
vhich has not yet been fully understood.

Conclusions

47. The review that we have made of the effects of
onizing radiation and of the present exposure of man
:ind to radiation affords a basis for general comments
oncerning this source of hazard.

48. It is clearly established that exposure to radiation,
ven in doses substantially lower than those producing
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acute effects, may occasionally give rise to a wide variety
of harmful effects including cancer, leukaemia and in
herited abnormalities which in some cases may not be
easily distinguishable from naturally occurring condi
tions or identifiable as due to radiation. Because of the
available evidence that genetic damage occurs at the
lowest levels as yet experimentally tested, it is prudent
to assume that some genetic damage may follow any
dose of radiation, however small.

49. It must be recognized that the human species has
in fact always been exposed to small amounts of radia
tion from a variety of natural sources and that the
present additional average exposure of mankind from
all artificial sources is still smaller than that from nat
ural sources.

50. At present even the wide use of radiation in medi
cal diagnosis and treatment in countries with extensive
medical facilities does not usually involve more than
about a 50 per cent increase in the genetically significant
exposure to radiation of their populations, and there is
evidence that simple and inexpensive modifications of
techniques could reduce the figure considerably without
loss of medically important information. Advances in
nuclear science and industry are being achieved with
only slight resultant increases in the average radiation
levels to which populations are exposed, and with only
very occasional accidental over-exposure of individuals.

51. At the same time, the exposure of mankind to
radiation from increasing numbers of artificial sources,
including the world-wide contamination of the environ
ment with short- and long-lived radio-nuclides from
weapons tests, calls for the closest attention, particularly
because the effects of any increase in radiation exposure
may not be fully manifested for several decades in the
case of somatic disease, and for many generations in
the case of genetic damage.

52. The Committee therefore emphasizes the need
that all forms of unnecessary radiation exposure should
be minimized or avoided entirely, particularly when the
exposure of large populations is entailed; and that every
procedure involving the peaceful uses of ionizing radia
tion should be subject to appropriate immediate and
continuing scrutiny in order to ensure that the result
ing exposure is kept to the minimum practicable level
and that this level is consistent with the necessity or the
value of the procedure. As there are no effective meas
ures to prevent the occurrence of harmful effects of
global radio-active contamination from nuclear explo
sions, the achievement of a final cessation of nuclear
tests would benefit present and future generations of
mankind.

53. The urgent need for research into many aspects
of radiation and its biological effects has been empha
sized repeatedly in this report. Although we have ex
tensive and increasing information about the levels of
radiation to which man is exposed from various sources
and about the types of harmful effect which may re
sult, we still know very little about the frequency with
which such effects are likely to occur, particularly fol
lowing small doses of radiation received at low dose
rates. It is of the utmost importance that investigation
of this central problem should be actively pursued by
all relevant means, including not only studies of the
ways in which radiation may induce malignant and other
delayed changes in tissues but also well planned surveys
of the frequency with which such late effects occur in
human populations following any accidental, medical
or other relevant type of exposure to radiation or in
areas of high natural radiation.
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ANNEX A

DEFINITIONS OF QUANTITIES, UNITS AND SYMBOLS

"1.12. The unit of intensity of radiation may be
erg per square centimeter second, or watt per square
centimeter.

"1.13. The unit of quantity of radio-active material,
evaluated according to its radio-activity, is the curie
.(c). One curie is a quantity of radio-active nuclide
m which the number of disintegrations per second
is 3.700 X 101 0

•

"1.14. Specific gamma-ray emission (specific
gamma-ray output) of a radio-active nuclide is the
exposure dose rate produced by the unfiltered gamma
rays from a point source of a defined quantity of that
nuclide at a defined distance.

"1.15 The unit of specific gamma-ray emission is
the roentgen per millicurie hour Ctjmch) at 1 cm.

"1.16. Linear energy transfer (LET) is the linear
rate of loss of energy (locally absorbed) by an ioniz
ing particle traversing a material medium.

"1.17. Linear energy transfer may be conveniently
expressed in kilo electron volts per micron (kevj JL).

"1.18. Mass stopping power is the loss of energy
per unit mass per unit area by an ionizing particle
traversing a material medium.

"1.19. Mass stopping power may be conveniently
expressed in kilo electron volts per milligram per
square centimeter(kev cm2/mg)."

2. According to ICRU:l
"The absorbed dose, D (in rads) , of any radiation

must be multiplied by an agreed factor, RBE (relative
biological effectiveness), whose values for different
radiations are laid down by the International Com
mission on Radiological Protection (ICRP). This
product, called the RBE dose, is expressed in rems
where

RBE dose (in rems) = (RBE) (D)

"In the case of mixed radiations the total RBE
dose is assumed to be equal to the sum of the products
of the absorbed dose of each radiation and its RB E.

"RBE dose (in rems) = !, [(absorbed dose in
rads) (RBE) ]."

For the sake of simplicity in the present report 1
roentgen of X-, beta or gamma radiation is assumed to
correspond to a tissue dose of 1 rad and, since the RBE
of these radiations is conventionally unity, the tissue
dose may also be expressed as 1 rem.

3. The RBE values that have been used in the present
report are those established by ICRP ,in establishing
protection standards. The table belo.w.glves the values
of RBE for different types of radiation." The ICRP
Committee on RBE is currently examining the concept
and use of RBE in radiation protection calculations and
new recommendations may shortly be made.
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1. The Committee has used in the present report the
radiological quantities and units defined in the 1959
report of the International Commission on Radiological
Units and Measurements (ICRU) 1 the relevant part of
which is reproduced below.* It sho~ld however be noted
that I CRU has appointed an ad hoc committee to examine
the quantities and definitions of units and some modifi
cations of existing definitions may shortly be recom
mended.

"1.1. Absorbed dose of any ionizing radiation is the
en~rgy impa;ted ~o matter 1;>y ionizing particles per
unit mass of Irradiated material at the place of interest.

"1.2 The unit of absorbed dose is the rad. One rad
is 100 ergs/g.

"1.3. Integral absorbed dose in a certain region is
the ene~gy imparted to matter by ionizing particles in
that region,

"1.4. The unit of integral absorbed dose is the gram
rod. One gram rad is 100 ergs.

:'1.~. Absorbed dose rate is the absorbed dose per
unit time.

"1.6. The unit of absorbed dose rate is the rad per
tmit time.

"1.7. Exposure dose of x- or gamma radiation at a
certain place is a measure of the radiation that is based
upon its ability to produce ionization.

"1.8. The unit of exposure dose of X- or gamma
radiation is the roentgen (r). One roentgen is an ex
posure dose of X- or gamma radiation such that the
associated corpuscular emission per 0.001293 g of air
produces, in air, ions carrying 1 electrostatic unit of
quantity of electricity of either sign.

"1.9. Exposure dose rate is the exposure dose per
unit time.

"1.10. The unit of exposure dose rate is the
roentgen per unit time.

"1.11. Intensity of radiation (radiant energy flux
density) at a given place is the energy per unit time
entering a small sphere centered at that place per unit
cross-sectional area of the sphere.

*The following is quoted from the above-mentioned ICRU
report:

"SJ'1Itbols and nomenclature. There are numerous national
and international bodies that have reached varying degrees of

'fic; acceptance of the use of symbols and units for physical quan
~t tities. However, there is no universal acceptance of any one ~et
CiJ. of recommendations. It is suggested that each country modify

the symbols used herein in accordance with its own practices.r;, Thus one may write: ke~, keY, or Kev j HC or CH j rad ,per unit
" time, rad per time, or rad divided by time; rad/sec, rad/s, or

. rad.s-t ; etc. The most generally accepted system of symbols and
units may be that contained in document UIP 6 (1956) prepared
by the International Union of Pure and Applied Physics. These

~~ i~~e~~!ti~r~~lc~~~~d~~di~~ti~~oi:~a~~~a~i~~~~j~~ai~OIT~tl2~
'" the Conference Generale de Poids et Mesures, Union Interna

tionale de Chirnie Pure et Appl iquee, and the International
8; Electrotechnical Committee,"
l'



TABLE 1. RBE VALUES

1. X-rays, electrons and positrons of any specific ionization
RBE=l

2. Heavy ionizing particles

A~""age sPecific ;o"i.otion
(ion pairs per

micronof water)

100 or less .
100 to 200 .
200 to 650 , .. , " .
650 to 1,500.. , ......•...................... " .

1,500 to 5,000 , , .

RBE

1
1 to 2
2 to 5
5 to 10

10 to 20

A aerage uneer eltn"gy
Iro1lsfer le WOI'T
(kev per micron)

3.5 or less
3.5 to 7.0
7.0 to 23
23 to 53
53 to 175

Forlractical purposes, an RBE of 10 is applicable to fast neutrons and protons up to 10
MeVan an RBE of 20 to heavy recoil nuclei for whole-body irradiation and the most sensitive
cri tical organs.
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Paragraphs

I. INTRODUCTION ••••••••••••••••••.•••••.••••••• 1-3

n. INTERACTION BETWEEN IONIZING RADIATION AND

LIVING MATTER •••••••••••••••••••••••••••••••

Energy dissipation by X- and gamma-rays and
by corpuscular radiations .

Ionization density-LET .
Transport of energy .

Ill. QUANTITATIVE ASPECTS OF RADIATION EFFECTS ••••

Hit principle (target theory) and dose-effect re-
lationships .

The threshold problem .
Direct and indirect effects of radiation .
Influence of dose-rate and dose fractionation .
Relative biological effectiveness '" .

IV. RADIATION CHEMISTRY •••••••••..•••••••••••••

Water and aqueous solutions of simple com-
pounds .

Nucleic acids ...•.• , .. '" .....•...............
Proteins .
Polysaccharides .............................•
Macromolecular complexes ...•...............
Detection of free radicals in whole cells by elec-

tron spin resonance (ESR) .

V. CHEMICAL FACTORS MODIFYING RADIATION RE-

SPONSE IN CELLS•••••••••••••••••••.••••••••••

Oxygen effect .
Effect of gases other than oxygen , ...••... ,.
Effects of gases under pressure .
Hydration .
Peroxide after-effects .
Chemical protection .

VI. EFFECT OF RADIATION ON CELLULAR STRUCTURES

AND THEIR FUNCTION •••••••••••••••••••••••••

DNA synthesis " .
RNA and protein synthesis .
Effects of radiation on antibody synthesis .

I. Introduction

1. The effects of radiation on living matter must be
envisaged at different levels of organization, those of
individual molecules and macromolecules, subcellular
structures, whole cells, tissues and organs, whole organ
isms, and populations of organisms. To understand the
action of radiation, each system must be studied inde
pendently and in its natural context. The actions become
more complicated as the organization level rises. At
each level and for each effect studied, it is sometimes
helpful to think in terms of the sensitive molecule or
structure, the sensitive cell, tissue, or organ.

2. The present annex deals chiefly with macromole
cules, subcellular structures, or isolated cells and cell
populations. Our knowledge of the molecular organiza
tion of various cell organelles is increasing rapidly and

the impact of molecular biophysics on fundamental radio
biology is greater than in the past. The molecular ap
proach will eventually enable us to understand the effects
of radiation on the impairment of fundamental processes
in the celL The effects of radiation on macromolecules
or subcellular structures are thus of great importance in
fundamental radio-biology.

3. This annex deals essentially with ionizing radia
tion; investigations with non-ionizing radiations are re
ferred to only in so far as they bear on our understanding
of the effects of ionizing radiations,

n. Interaction between ionizing radiation and
living matter

4. The absorption of ionizing radiation by matter is
followed by a complex of events the nature of which
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10. Known dose-effect relationships may be described
under a limited number of headings. Their graphic pres
entation is often simple, linear in a few instances and
in general exponential or sigmoid. Thus, oxidati~n of
ferr~us i,ons. and r~duc~ion of eerie ions in aqueous
solution is, 10 certain circumstances, directly propor
tional to dose. These effects may be interpreted as due
to radicals induced in the aqueous medium. However
in somewhat more complicated situations, e.g. the inac~
tivation of enzymes in solution or in the solid state,
the;e. may ~e. an exponel;1ti?-1 relationship between re
mainmg activity and radiation dose. This relationship
expresses, in part, the fact that inactivated molecules are
still able to capture radicals and thus to decrease the
number of radicals for inactivation of still intact
molecules.

11.. Even for c~mple~ systems like living cells, the
experimental relationship between dose and effect is
?f~en a simple one. In the study of these relationships
it IS essential to define the effect clearly. For isolated
cells, rep;od~ctive ability has been used most frequently
as the criterion of damage. Cells which have lost repro
ductive integrity may still divide a few times. However,
cells affected in this way can sometimes maintain the
ability to accomplish for a certain time some metabolic
or ~hys.iological functions at .near normal rates, e.g.,
respl.ratlon,6' ~ .prC?tem synthesis," motility." The doses
required for impairment of such metabolic functions are
usually ~uch greater than those necessary to impair
reproduction.

existence in condensed systems since they are inherentl
unstable. Although excitation can lead to dissociation J
the molecule, it is less likely to do so in the case of
more complex molecules where excess energy can be
distributed over many bonds. Energy degradation within
the same molecule is known as internal conversion
Through internal conversion, the excited molecule i~
degraded in energy from a higher to a lower excited
state, or returns to the ground state; the excess energy is
converted into vibrational and rotational energy andmay
be transferred to other molecules. Energy can also be
transferred from one molecule to another through proc
esses known as exciton interaction and resonance
transfer.' The increasing emphasis on the mechanisms
by which energy migrates and on their role in radiation
effects is reflected in recent symposia and revieWs.2-l

HIT PRINCIPLE (TARGET THEORY) AND DOSE-EFFECT
RELATIONSHIPS

12. Acc?r~ir:g to t?e. hit theory,9-11 the biological
effects of ronizmg radiation on cells are due to hits in a
sensitive component of the cell' hits produced outside
this "target" are. ineffective. Although, as originally
formulated, the hit was considered to be an ionization
or excitation produced directly in the target, the theory
has been enlarged !o ~ncl~de hits produced by diffusible
products involved 1U indirect action.'!

~3. If a cell is inactivated by a single hit in a target
or in any of ~ number of targets, it can easily be shown
that the sl;1rvlv~1 cu.rve is exponential. The number of
cells escapmg biologicalmodification (N) is then related
!O dose according to the formula N == Noe-oD, where N.
IS the number of cells originally present, D is dose, and
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m. Quantitative aspects of radiation effects

depends on absorbed dose and the chemical and physico
chemical composition of the irradiated material. Various
stages can be recognized in the development of radiation
effects. These are not sharply demarcatedbut blend into
each other. Distinctions have some value, however, be
cause they permit a partial analysis of the temporal
sequence of events.

5. {a) Elementary reactions. These occur in a very
short period of time, r-' 1O-11_l(r16seconds. They are pri
marily physical and result from the interaction between
photons or ionizing particles and atoms and molecules.
These interactions give rise to excitations and ioniza
tions, Excited and ionizedatomsand molecules are highly
unstable and chemically active; rearrangements in the
electron configuration of the excited structures lead to
the primary products of radiation action which may be
stable or unstable molecules, or free radicals.

(b) Primary reactions. Radicals and excited mole
cules formed as the result of elementary processes react
chemically with neighbouring molecules and between
themselves.This stage, the chemical stage, may last from
a fraction of a second to hours.

( c) Secondary reactions. Elementary and primary
reactions give rise to secondary reactionsin whichmacro
molecules of essential biological significance and major
metabolic pathways are affected. Secondary reactions
result, therefore, in alterations and impairment of cellu
lar structures and functions, and may lead to biologically
observable radiation injury. This, the biological stage,
may last from a few hours up to years in long-lived
multicellular organisms.

IONIZATION DENSITy-LET

7. In any interaction of ionizingradiation with matter
the ~Itimate transfer of energy is carried out by a charged
particle. !he rate o.f loss of energy by a particle along
~ts path is prop~rtlOna1 to the square of charge and
l~versely proportional to velocity. Hence, for any par
tlcl~, the rate of loss of energy is greatest near the end
of its t~ack. Lmear energy transfer (LET) is defined
as the linear rate of loss of energy (locally absorbed)
and is usually measured in keVIp,.

8..At a giv~n dose ~e biological effect may vary
consl.derably with .LE! ; it may increase or decrease de
pend1n~ on the object Irradiated and the effectmeasured.
Th,ere IS as yet no complete theory on the influence of
LET (paras. 31-35).

ENERGY DISSIPATION BY X- AND GAMMA-RAYS AND
BY CORPUSCULAR RADIATIONS

6. The elementary characteristics of ionizing radiation
and the way energy is absorbed by ionization have been
described in chapter n. Only part of the energy ab
sorbed by an irradiated tissue gives rise to ionizations :
the remainder, in a process calledexcitation, raises elec
tr~)lls of atom~ or molecules. to a higher energy level
without expelling them. In its chemical or biological
action, the energy absorbed in the excitation process is
not considered to be as important as that absorbed in
the ionization process. However information is incom
plete on this point.

TRANSPORT OF ENERGY

9. Free radicals, whose intrinsic lifetime is indefinite
usua:lly disappear quickly. because of their reactivity:
EXCited molecules have, m general, only a transitory



a is a constant expressing the sensitivity of the cells.
From this formula it follows that the number of sur
vivors will be N/N0 = e-1 ,,"",0.37 for the dose l/a which
is the dose that brings about one hit per target on the
average. This 37 per cent dose is important in calcula
tions of the volume of the target.

14. When two or more hits are necessary to destroy
one target or when two or more targets in one cell have
to be hit before the damage shows, the survival Curves
are no longer exponential but are sigmoid and have
an initial shoulder when the logarithm of the survival is
plotted against dose. In the latter case {two or more
targets), the number of targets can be estimated from
the survival curve by extrapolating the linear part of the
semi-log-plot to zero dose. The value (greater than one)
thus obtained on the survival axis is equal to the number
of targets.

15. As a rule, with high LET radiations and neutrons,
and in certain cases with X- or gamma-rays, exponential
survival curves are observed for the inactivation of
viruses and micro-organisms," When the fraction of cells
or subcellular structures affected is small, the number
of responses is approximately proportional to dose. This
has been found for the induction of mutations in bacteria,
Drosophila, and other organisms; the mechanism seems
to be one hit.

16. X-irradiated polyploid yeast cells1 3
, 14 and isolated

xnammalian cells" have sigmoid dose-effect curves. The
type of curve often depends on the LET of the radiation.
Higher LET values may result in exponential survival
.for cells having sigmoid type curves for low LET
r'adiations."

17. Sigmoid survival curves are also expected when
a population of individuals is irradiated, the suscepti
bility of which obeys certain distribution patterns.

18. Both exponential and sigmoid survival curves may
have breaks (resistant tails). The interpretation usually
offered is that the population studied contains a sub
group which is more resistant to radiation. In general
there are two ways in which this could occur:

(a) The heterogeneity may be genetic; the more re
sistant individuals are mutants of the more sensitive.
This situation can be recognized by isolating a done
from cells surviving higher doses and by establish
ing a new survival curve with the population from this
resistant done. The slope found corresponds to the slope
of the resistant tail in the original curve. However, in
some cases, attempts to do this have failed. With the
widely used strain E. coli B, the rate of mutation to
resistance is only about 10-5 per bacterium per genera
tion and therefore probably too low to account for the
appearance of the tail.17

(b) The heterogeneity may be physiological; in this
case, if cells surviving at the higher doses are isolated,
the survival curve of the new population shows the same
resistant tail as the original one. This holds in haploid
yeasts where budding cells appear to be more resistant."
There is similar phenomenon with Pneumococcus trans
forming principle.t" A resistant tail may also be seen
with a bacterial population containing cells in both the
logarithmic and stationary phase of growth; the loga
rithmic phase is more radio-sensitive.20, 21

THE THRESHOLD PROBLEM

19. The observation of an exponential survival curve
may be interpreted as a one-hit process. The same applies
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to the linear relationship for mutation induction when
the number of mutations is small compared to the num
ber of loci at risk; any dose, however small, has a
probability of producing the effect.

20. Sigmoidal survival curves may be interpreted as
an indication that inactivation results from multiple hits
in a single target or inactivation of multiple targets by
one or more hits in each. There is also a finite proba
bility that any dose may produce an effect. Thus the
existence of biological responses with sigmoidal dose
effect curves do not necessarily prove the existence of
a threshold dose.

21. Even if recovery processes occur at the cellular
level, these conclusions remain valid; such recovery
merely changes the slope of the dose-effect curve.

22. Without extensive empirical data and detailed
knowledge of the various steps between initial absorp
tion of radiation and expression of biological effects,
discussion of the threshold question is largely limited to
theoretical considerations. In the only instance in which
it has been possible to obtain unequivocal experimental
data, the induction of phage growth in lysogenic bacteria,
no threshold was found; one ion pair per cell was effec
tive.22 It is therefore prudent to assume, as in the last
report of the Committee, that "biological effects will
follow irradiation, however small its amount"."

DIRECT AND INDIRECT EFFECTS OF :RADIATION

23. Of the models proposed to explain observed dose
effect relationships, the simplest is the target theory based
on the assumption that inactivation is caused only by
ionizations inside the target-"direct action".

24. Although the concept of a "target" has been main
tained in most theories, it has become increasingly ap
parent that at least part of the biological effect is due
to chemical events outside the target. In this event dam
age to the target is secondary-"indirect action".16,24

25. As yet there is no general agreement on the rela
tive importance of direct and indirect action in living
cells. The modification of damage by oxygen or chemical
protective agents has sometimes been interpreted as evi
dence that indirect action is predominant. It has however
been shown that the effect of oxygen and some protec
tants is also consistent with direct action, if it is assumed
that the effect of radiation on the target is a two-stage
one.25 , 26 The primary event might then be partly or
totally reversible.

26. The problem of direct versus indirect effects of
radiation has been comprehensively reviewed by Time
feev Ressovski and Rompe" with an analysis of mecha
nisms of energy migration and transfer in the hetero
logous system. Their theory allows for chance fluctua
tions in the occurrence of both direct and indirect effects,
and for the mechanisms of propagation of radiation
injury in time and space. Depending on the structure or
function damaged, either direct or indirect effects may
be considered predominant.

INFLUENCE OF DOSE-RATE AND DOSE FRACTIONATION

27. Variation of the irradiation rate (fractionation of
dose or variation of dose-rate) may influence the biologi
cal effect in some instances. When radiation damage is
irreparable, no modification of the response is expected;
if a modification is seen, it is generally assumed to repre-
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35. To assess the RBE of a certain radiation, dose
response curves of the particular biolog:ic~ effect are
determined for both test and standard radiations, If both
curves coincide when all dose values of the test radiation
are multiplied by a constant factor, the RBE is .equa~ to
this factor. Sometimes the curves do not have identical
shapes; the RBE value then depends on dose. This com
parison pertains to absorbed dose. If. this dose.is not
uniform throughout, the average value IS used. ThIS mal"
not be strictly correct if the biological effect depends on
dose. There are many other complications that make ex
perimental RBE values difficult to interpret. The values
are, however, useful in the practice of health physics,
where upper limiting values of RBE are used to trans
form dosages measured in rad to rem.

LET, keV/p.

Figure 1. Variation in RBE with LET, for biological material;
irradiated in aerobic conditlonsw

A: plant cells577-G82
B: animal cel1s~08. 571, 583-58~
C: two strains of bacteria188, 580-~87

which RBE and LET are directly r~lated, inversely r~
lated in which RBE shows a maXlI~lUm for a certain
valu~ of LET, and in which RBE IS constant. Other
factors make the picture even more complex; RBE values
may depend on dose, dose-rate, presence of oxygen, and
physiological conditions. .

34. The LET concept itself is ~omplex. The kinetic I

energy loss of a particle is discontmu~us ar:d subject to
statistical fluctuations." Furthermore, It vanes along the
track. For these reasons an average value must be cal
culated. In principle, however, RBE not only 1ep~nd~ on
this average value of LET, but also on LET d!stnbuti0r;.
The following figure." attempts to summarize expert
mental data on bacterial, plant and animal cells.
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36. Since water constitutes 70per cent or more of cell
mass, water molecules take up most of the energy im
parted to cells by ionizing radiation and may be important
in the damage to vital cell components. Knowledge col
lected during the last decade about the chemical changes
induced by irradiation of water and aqueous solutions of
simple compounds is therefore of great importance to
radio-biology. Work has been done on the radiation
chemistry of solutions of nucleic acids and other macro
molecules to gain some insight into the mechanism by
which reactive intermediates generated in water attack
these molecules. The main results from those fields of
research will therefore be summarized in this chapter.

37. In interpreting these results, it is generally as
sumed that free radicals are important in the chemical
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RELATIVE BIOLOGICAL EFFECTIVENESS

31. With radiations of different quality, the absorbed
doses required for a given effect are usually not the same
for different types of radiation. The extent to which
radiations of different quality differ from each other in
this respect is a measure of their relative biological effec
tiveness (RBE). The RBE of two radiations is defined
as the inverse ratio of the respective doses that are ne
cessary to bring about a given effect. The radiation
standard chosen by the ICRU is an X- or gamma-radia
tion having a LET in water of 3 keV/ p. delivered at a
rate of about 10 rad/rnin.

32. In the simplest cases, the mechanism underlying
the difference in efficiencies of radiations can easily be
explained. For an event which is inhibited by the absorp
tion of a minimal amount of energy, such as the inactiva
tion of an enzyme or virus, the low ion density radiation
will be more effective than high ion density, because some
of the latter ionizations will be wasted. On the other hand,
radiation with a high density of ionization will be more
effective when larger amounts of energy are needed
(simultaneously or within a relatively short time or
within a certain volume) to produce the effect in the
sensitive structure.

33. Thus, RBE depends not only on the LET of a
given radiation but also on the effect studied, and this
dependence may assume various forms. Thus, Zirkle'l
has pointed out that there are experimental situations in

sent a repair mechanism. Mice, Drosophila, plants, and
several other species (C, table VII) hav~ been ;;cten
sively studied. Other examples are Arba~~a eggs and
mammalian tissue culture cells. In Arbacia sperm, how-

. I b b d 28 ~oever, no repair las een 0 serve . .

28. If the phenomenon under study is single hit, e.g,
induction of point mutations, repair processes would
reduce the magnitude of the slope of the dose-effect
curve. Russell 80 discovered that low do~e-rates w~re le?s
efficient than high dose-rates in inducing mutat~ons m
mouse gonial cells. This dose-rate effect was maximal at
0.82 r /min ; further reduction of the dose-r~te had. no
further effect on mutation rates." Russell s finding,
which stimulated similar studies by others, has been con
firmed in several species. Low dose-r~te.s al~o greatly
diminish the sterilizing effects of radiation m female
mice and increase survival of spermatogonia.w

29. The effectiveness of fractionated doses to the
mouse testes has been demonstrated with doses in the
range of 1600 rad." In experiments with Drosophila at
low doses and different stages of spermatogenesis, no
effect of dose fractionation has been observed."

30. The effect of dose-rate on multi-hit processes is
not dif-ficult to explain. If the rate of delivery is reduced
so as to increase the time between two successive events
(hits) significal'l;tly, al'l;d ~f the indi.vid~al lesions. due to
hits can be repaired within a certain time, lowermg the
dose rate or fractionation of the dose will result in a
diminished frequency of effects for a given total dose.
The role of chromosome aberrations may be of particular
importance in monkey or human embryonic tissue cul
tures. Some reports indicate that these tissues are two
or three times more sensitive than those of mice. 88,8'
Investigations of the repair of pre-mutational damage
have been carried out with many species, including mam
mals8~.8B insects87,88 and plants. 26,,81B This subject is
discussed more fully in annex C.



reactions resulting from ionization and perhaps from
excitation of water molecules. At present, there is
abundant evidence to support such a view. Recently,
development of the electron spin resonance technique
has provided a method for direct study of free radical
formation in certain irradiated materials.

WATER AND AQUEOUS SOLUTIONS OF SIMPLE COMPOUNDS

38. Most reactions in irradiated water can be ex
plained satisfactorily by assuming the formation of HO
and OH o radicals. Recent reviews 11-40 of the chemical
effects of ionizing radiation have shown the usefulness of
the radical hypothesis in interpreting the rapidly growing
body of experimental data, although some uncertainty
still exists with regard to the HO radicals and their dis
tribntion around the track of an ionizing particle. It
rrright be that what has been called an "HO radical" is in
reality a hydrated electron, H 20-.

39. For each 100 eV of dissipated energy some 4
H 20 molecules are split into OHo and HO. OHo radicals
can combine to H 202and HO radicals to H 2.A consider
able fraction of the radicals react in this way to give
"molecular products" before there is any significant
diffusion or reaction with solute molecules. In chemically
pure water, however, only very small amounts of mole
cular products can be detected, because they are reverted
to water molecules through back reactions with free
I-:I° and OI-ID radicals.

40. When solutes capable of reacting with HO or OHo

radicals, thereby preventing the back reaction, are pres
ent, the products H 20 2 and H 2 are produced in measur
able amounts. Their yields depend on LET, a greater
LET giving rise to a larger amount of molecular products
through combination of free radicals. The molecular
yield also depends on the efficiency with which free radi
cals are scavenged by solute molecules. Some very effi
cient scavenging solutes can depress the formation of
H 2 and H 202 considerably.

41. A very common solute is O2. It reacts with HO
radicals to give the radical 02Ho. This explains why the
yield of various radiation-induced chemical reactions is
dependent on the presence of O2 • The 02Ho radical is
more stable than HO and OHo. When no solutes other
than O2 are present, most 02Ho radicals will combine
according to the reaction 2 02Ho ~ H 202+ O2,

42. The primary products in irradiated water may
have oxydizing or reducing properties depending on the
redox potential of the solute concerned, on the qualities
of other solutes (e.g. O2, which converts reducing HO
radicals to 02Ho radicals which may have oxydizing
action), or on pH.

43. The influence of pH is explained by the following
ionic equi1ibria: HO + 1-1+~ H 2+; OHo~ H+ + 0- and
02Ho ~ H+ + O2-, It should be noted that, in neutral
solutions, 02Ho radicals have far less oxydizing power
than at low pH's. The oxygen effect in living systems
can therefore probably not be interpreted as an enhance
ment of oxydation through the reaction HO + O2 ~
02H o.

44. Application of these data to radio-biological
systems is by no means straightforward. In the first
place, the diffusion range of free radicals in living cells
is very limited.s? because many molecules can react with
free radicals, thereby protecting more vital components.
Cell structures can be attacked, therefore, only by radi-
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cals formed in close proximity, and the damage to certain
molecules will be much less in cells than in dilute solu
tions. Secondly, the presence of great numbers of simple
and complex molecules in cells may give rise to secondary
and tertiary reactions which differ from those in simple
solutions.

45: Knowledge of the primary reactions in irradiated
water has been derived largely from the study of aqueous
inorganic solutions. Much experimental work has also
been done on aqueous solutions of organic compounds.
However, for many changes in solutions of simple mole
cules, the reaction mechanism has not been unambigu
ously established.

46. There is evidence for the formation of hydroper
oxides in the presence of oxygen:

RH + OHo---t RO + H20

RO + O2 -t RO~
reduction

RO~ )R02
R02' + H+ ---4 ROllH

47. In some instances hydroperoxides are believed to
be labile intermediates, but stable peroxides have also
been found, e.g. after irradiation of solutions of various
amino acids and of pyrimidine bases " and their nucleo
sides and nucleotides.": so The formation of hydroper
oxides may enhance oxydation, e.g, increase oxydation
of ferrous ions in acid solution where there are organic
impurities. This can be prevented by addition of C1
ions; these react with OHo radicals (OHO + C1- ~
OH- + 0°) and thus modify the sensitizing action of
organic molecules. ~1

48. Reactions between radicals and oxygen, and
between radicals and hydrogen-atom-donating com
pounds, have been shown to be important biologically.
In the bacterial spore, radicals formed that are biologi
cally effective if they react with oxygen may be removed
by hydrogen donators such as H 2S prior to O2 reac
tion. 52, 5B Such mechanisms have been proposed for
other systems.": 54, ~5

49. Further chemical reactions which may bear on
radio-biology are the oxydative deamination of amino
acids, 56 the decarboxylation of organic acids,41l the oxyda
tion of SH-compounds to the -S-S- dimer," and the
decomposition of glucose by ionizing radiation. ~8

NUCLEIC ACIDS

50. Irradiation of nucleic acids in aqueous solutions
leads to several different chemical changes which affect
both the purine and pyrimidine moieties and the sugar
phosphate backbone. As yet, it is impossible to give a
consistent and quantitative description of these chemical
effects of irradiation. Because of the diversity and com
plexity of the chemical changes, only the main pathways
are considered to be established.

51. The chemical changes produced by irradiation of
dilute solutions of nucleic acids are, for the most part,
initiated by radicals formed in the aqueous media. In
agreement with results of experiments with simple
nucleic acid components, there are two main reaction
pathways by which radicals attack nucleic acids in
aqueous solutions: (e) destruction of the bases, the pre
dominant site of chemical attack, and (b) oxidation of
the sugar moiety.58-51 The products of irradiation
of the bases in the presence of oxygen differ from



those formed in its absence. In oxygen-free solutions,
pyrimidines are converted into products of undetermined
structure, without any specific ultra-violet absorl?tior;.61
Some guanine residues are converted to 2 :4-d1ammo
-5-formamido-6-hydroxy-pyrimidine which is attached
to the sugar by a labellized glycosidic linkage; fro!?
this they are gradually released as free bases. It 1S
believed that the attack on adenine forms the correspond
ing formamido-pyrimidines, al00ugh this has not b~en
directly demonstrated m irradiated DNA.59 The yield
of chemically altered base~ is hig~est for pyrimidi~e resi
dues and lowest for purme res1dues/9

, 61- G3 a circurn
stance which reflects their comparative radio-sensitivity.

52. In aerated solutions of nucleic acids, the hydro
peroxides of pyrimidine bases are formed with the
saturation of 5, 6 double bonds, and under oxygen this
reaction becomes the dominant one.61 In DNA, only
hydroxyperoxides of thymine are stable and only these
remain attached to the sugar-phosphate backbone,'? In
the presence of oxygen the sensitivity of all bases in
DNA solution is increased two to three times; under
these conditions a presumed 80 per cent of radicals
attacking DNA combine with the base components.

53. The attack of radicals on the sugar moiety leads
to formation of labile phosphate esters. Evidence for this
is seen in the large quantities of inorganic phosphate that
can be liberated by the acidic hydrolysis of irradiated
solutions." It is believed that this results from oxidative
formation of carbonyl groups in sugar moieties." In
addition to the formation of labile phosphate esters, the
attack on the sugar component breaks phosphodiester
bonds and liberates small amounts of inorganic phos
phate.GD, 84 From experiments with simple phosphate
esters," it appears that inorganic phosphate must come
from end groups present in the intact molecule, having
been formed during earlier stages of irradiation by main
chain scissions.

54. The direct measurement, with prostate phospho
monoesterase, of the number of breaks induced in the
sugar-phosphate backbone has revealed that the yield
from this process is 20-25 per cent of the yield in terms
of base destruction." The same percentage is found if
the release of free bases from irradiated DNA is
used to measure the attack on the sugar-phosphate
moiety.": 62. 67

55. Studies of physicochemical changes in nucleic
acids after irradiation are, so far, chiefly confined to
deoxyribonucleic acids. In the double-stranded helical
DNA molecule, both types of chemical lesions introduced
by ionizing radiation, destruction of bases and breakage
of phosphodiester bonds, must lead to an altered con
figuration in solution and consequently to changes in
physicochemical properties. The destruction of the base
results in local dissociation of the double-stranded struc
ture, and the break in one of the chains results in in
creased flexibility; two independent breaks at approxi
mately opposite positions in each of two intertwined
chains lead to a scission of the whole molecule. There is
much. e;vidence supporting this general picture. Thus,
the critical temperature for the thermal denaturation of
irradiated DNA is reduced.os Likewise the intrinsic
viscosity of irradiated DNA solutions ~hows marked
decreases that reflect coiling of the partially denatured
molecule and a fall in molecular weight. 6 9- 11 Further
evidence for degradation is provided by light-scatter
ing,71,72 flow birefringence.w " sedimentation and diffu
sion studies, 74,70 and chromatography on ecteola cellulose
column." The breakdown of some of the secondary
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hydrogen-bonded structure has been shown by the in
crease in ultra-violet absorption near 260mp. after small
doses 0f irradiation,61, 7~, 72 and also by titrimetric
studies.7o,78

56. Degradation o~ DNA pro~eed~ for. some time
after irradiation, as Judged by viscosimetric n;easure
merits." This "after-effect" is more pronounced if DNA
is irradiated in air-saturated solution.I":" There are
several hypotheses to explain this kind of instability;
the decay of some unstable. pyrimidin~ hydroxyper
oxides, 60,61,82 and hydrolysis of labile acyl-phos
phates~J1, 64 are the most plausible of them.

57. In dilute solutions, the indirect action of radiation
prevails. With increasing concentration of DNA the
relative importance of this effect decreases in favour of
the direct action. This has been shown in experiments in
which damage to DNA, as a function of concentration,
was studied in the presence of iodine ions which almost
entirely prevent the indirect effects of radiation.8H5

Thus, Mekshenkov ascertained that 0.1 per cent solutions
of DNA are almost entirely protected against Xvradia
tion by iodine ions (predominance of indirect effect).
With increasing concentration of DNA, however, the
protective ability of iodine ions decreases so that in a 20
per cent solution, 80 per cent of DNA molecules present
are damaged86,87 (predominance of direct effect).

58. DNA molecules irradiated in the dry state or in
a slightly moist condition are damaged mainly by the
direct action of ionizing radiation. With radiation doses
of """ 106 rad, in addition to the main chain scission, an
intermolecular cross-linking takes place which leads to
the appearance of branched molecules as judged by
viscosity, sedimentation and light-scattering studies.
With increasing doses up to 107 rad (the threshold dose
depends on water content), this process renders DNA
insoluble in water and gives rise to gel formation. Both
processes proceed simultaneously, but their relative role
in the damage depends on moisture content, presence of
oxygen, and nature of ionizing particles.6S,71,8B-90

59. The rates of main chain scission and branching
induced by electrons are about the same at moisture con
tents up to 25 per cent, and are largely unaffected by
oxygen. With swollen DNA gels having a water content
of 25 to 70 per cent, intermolecular cross-linking pre
dominates over the scission of the main chain in the
absence of oxygen. However, in the presence of oxygen,
the ratio between the effectiveness of the two processes
is reversed. Above 75 per cent water content and even
in the absence of oxygen, no gel is formed.ss,B9 Alpha
particles are much less effective in the branching process
than electrons. With alpha-particles only a limited
amount of cross-linkage is found in the absence of
oxygen, and this is independent of the moisture content.
In the presence of oxygen one main chain break is pro
duced by nearly every alpha-particle traversing a DNA
rnolecule.P?

. 60. It is believed tha.t clusters of ionization are respon
sible for the main chain breaks; cross-links result from
the combination of actiye points formed by ionizationS9,90
f?r Wh1Ch carbon radicals are likely candidates. Some
~lrect ~upport for the formation of metastable species
IS provided by the observation of strong gamma-induced
phosphorescence in frozen solutions of DNA and
~NA.91 With direct irradiation of dry DNA prepara
tions by gamma-rays, the ESR method reveals the
presence of one radical per 10° DNA molecules for a
dose of 2 X 103 rad.92



61. It is worthwhile to mention that ultra-violet radia
tion also causes aggregation of DNA94 and, to a lesser
degree, of RNA in the dry stat~.95,96 ~n w.ater solution,
irradiation of DNA with ultra-violet light induces cova
lent crosslinks.w 91 The native secondary structure is
almost preserved as shown by ultra-centrifugation in
caesium chloride. These cross-link processes are probably
connected with dimerization of thymine or uracil
residues.9s,99

PROTEINS

62. Changes in the structure of proteins irradiated in
dilute aqueous solution are mainly attributable to attack
by free radicals and other active species from water. In
cells free radicals account for ,..., ~-~ of the effect; in
very dilute pure solutions they account for almost the
entire effecUoo

63. Thio1 groups, when present, appear to be the most
sensitive parts of proteins. These -SH groups become
oxydized, as shown by titration.P" thus creating new
disulphide bonds with a G* value of about 3. The same
process has been observed with enzymes.i'" although the
high G value for the oxydation of those enzymes which
depend on -SH groups for activity does not always
correspond to the G value for inactivation. lOB Conversely,
by other mechanisms, disulphide bonds can be reduced
by irradiation, a process which leads to the formation of
new thio1 groupS.104,105

64. Proteins, amino acids, and peptides, in solution,
can liberate ammonia on irradiation with large doses,
and can at the same time form carbonyl and amide com
pounds.m , l OT These products are formed in part from
amino-groups and in part from peptide bonds. This
reaction involves the formation of imino-groups as in
termediates. The. imino-groups are hydrolized, leading
to the rupture of polypeptide chains.v"

65. The effect on aromatic rings of amino acids in
proteins resembles closely the effect on aromatic
amino acids themselves. Changes in optical density in
the DV absorbing region of some proteins, when irradi
ated, are similar to those produced in a tyrosme solu
tion.108 Similarly, a decrease in optical density at 280 mp.
has been found for tryptophan itse1po9 as well as for
proteins rich in this amino acid.l1O

66. Protein peroxides have been detected after irradi
ation of proteins in oxygen-containing solutions.F'

67. Model experiments with protein solutions have
revealed that the latent damage, caused by radiation in
rnyosin molecules responsible for the radiation after
effects, can be eliminated by Eormation of complex c?m
pounds with actin molecules if these are introduced into
the solution immediately after irradiation.P"

68. Long-lived activated states persist for a few ~ays
in protein molecules irradiated in aqueous solution.
Activation is associated with disruption of the protein
electron structure; this has been confirmed by the ESR
method.w- 114 The ESR method has revealed prolonged
retention, by protein molecules (rnyosin, pepsin), ?f
unpaired electrons appearing after irradiation o.f protein
solutions. A close relationship has been established be
tween these electrons and radiation after-effects 111 the
same system.. When irradiated solutions are slightly
warmed there is an accompanying "thermal effect", and

* "G" represents the number of molecules changed or pro
duced for each 100eV of energy absorbed.
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unpaired electrons in the protein molecules disappear.
This confirms the previous assumption that prolonged
retention of unpaired electron-excited energy is a cause
of radiation after-effects.t-s

69. Model experiments with irradiated myosin have
revealed "oxygen effect" at the molecular level. Inac
tivation of myosin's ATP function by irradiation has
two stages: first (without the involvement of oxygen)
is the long-lived "excited" state of the protein molecule
capable of interaction with molecular oxygen; its en
zymatic activity is still preserved at this time. Inactiva
tion occurs in the second stage as a result of interaction
with oxygen. In an aqueous solution of rnyosin, "oxygen
after-effects" constitute most of the total "oxygen
effect".l1B,115-117 These results from a molecular system
correspond well with those from studies on a biological
system and thus demonstrate the biological importance
of these events. In dry spores of B. megaterium, oxygen
interaction with radiation-induced states can be almost
"immediate" as well as post-irradiation.P" The radiation
induced species have proved to be free radicals in ex
periments involving post-irradiation heat, nitric oxide,
and H2S treatments,llO-128 coupled with physical experi
ments (paramagnetic spin resonance studies) of a simi
lar kind.62, 124 In these experiments, as in those described
above with myosin, most of the oxygen effect can occur
for an appreciably long time after irradiation, Further
more, an intermediate state (the metionic state), the
consequence of the reaction of oxygen with radiation
induced active species, has been postulated from studies
of another biological systern.P"

70. The damaging effects of heat and oxygen in the
after-effect response of irradiated myosin solution have
proved to be independent of one anot~er. There a~e th~s
two distinct forms of latent damage 111 the same irradi
ated protein molecule; this ag~ees with the data of.Gordy
and his colleagues, who established, by ESR studies, the
presence in irradiated. protein mo1ec?les of two types
of spectra-some modified by the action of oxygen and
others insensitive to it,126,127

71. As a consequence of the chemical changes ?f
proteins under irradiation! one can expe~t changes 111
physical-chemical properties. Changes I~ chromato
graphic.r" absorptive.v" and electrophoretic-" proper
ties have been seen.

72. In contrast to irradiation in the dry state, the
molecular weight of proteins .increa~es after irradiation
in solution.l8l- 1BBFrom chemical evidence there may be
several reasons for this. Attack of the tyrosine moieties

ith . luti 184may induce polymerization as ."':1 tyrosme, so tt.tlOns
(melanin formation). In ad.dItIon, dlsu1phl.de linkages
may be formed among protein molecules. Finally, a re
aggregation of broken molecules may take place, the
molecules being held together by freshly formed hydro
gen bonds.i"

73. Irradiation of certain protein solutions (",:,ith
doses up to 6 X 106 rad) does r;ot l~ad to perc~pt~b1e
effects on physical, chemical and biological properties Im
mediately after irradiation. However, exposure to heat/B6

urea/B7 or UV,17O alters X-irradiated protein. solu!ions
-(coagulation, denaturation) more than non-irradiated
solutions.

74 In the case of catalase and trypsin inactivation,
an after-effect has also been shown.1B8,1~g Th~ ~xtent of
this depends very much upon the post-irradiation tern-

, he i di t d d 1B9perature to which t e irra la e enzyme was expose .



The presence of oxygen after irradiation appears t? be,
in general, unimpOl:"tant; the aft.er-effect.may be attnbut
able to the formation of protein peroxides, of thermo
labile molecules, or to other causes.140, 141

75. According to present knowledge, enzyme i~activa

tion is attributable to the action of hydroxyl rad~cals.142,

as This hypothesis is supported by the observation .that
iodine ions serve as protectors for catalase mactlvatlo?;
it is to be expected that these ions react more readily
with hydroxyl than with hydrogen radicals.w

76. Very little is known.of t~e .cheI?ical changes in
proteins brought abo?t by .lrra~hatlOn ID the dry state.
The involvement of disulphide linkages has been demo?
strated by the close resemblance betwee? electron spin
resonance spectra of a number of prote~ns a~d tha! of
irradiated cystine.''" and by the fact that Irradiated ribo
nuclease like ribonuclease with its S-S bonds reduced,
can be digested by trypsin where~s the natiye protein is
resistant.':" A general increase ID ultra-V101e! a~sorp

tion 135,146,141 accompanied sometimes by a shift in the
position of the absorption maximum, indicates an attack
on aromatic amino acids. Changes in content of other
amino acids have also been demonstrated-vw and dif
ferences in sensitivity between particular amino acids
have been noted.!" The formation of ammonia and
amines with the development of carbonyl and carboxylic
end groups in the hydrolysates. of ir~adia!ed pro~eins is
attributable to an attack on ammo acids Side chains and
on peptide bonds." Susceptibility of peptide bonds to
main chain scission is apparently rather low because no
such breaks have been detected in serum albumin irradi
ated with doses up to 2.5 X 108 rad.147The oxygen effect
observed upon irradiation of dry proteins seems to be
connected not only with the excitation of protein mole
cules but also with the excitation of oxygen molecules
which in turn act on hydrogen bonds within protein
molecules.w The most typical changes in physical,
chemical property are those changes which occur in
vivo: isoelectric point, decrease in sedimentation coeffi
cient, Oraggregation as a result of hydrogen bond forma
tion between molecules with disorganized secondary and
tertiary structure.v"- 185, 141

77. The important aim of studies of the action of
ionizing radiation on proteins is to understand the
mechanism of radiation-induced enzyme inactivation.
The catalytic capability of an enzyme is determined,
most probably, by an active site composed of only a very
small number of amino acid residues maintained at the
surface of the enzyme molecule by secondary and tertiary
bonds. Thus, enzyme inactivation can be accomplished
either by chemical alterations in the amino acid residues
within an active site or by disruption of essential con
figuration.

78. The efficiency of inactivation through ionization
is very high, with G r-J 1. This implies that one ioniza
tion or cluster of ionizations anywhere within or near a
molecule inactivates that molecule. This makes the
hypothesis of inactivation via an attack on the site of
specific activity improbable. Consequently, inactivation
of enzymes by radiation is discussed here in terms of
disruption of the secondary and tertiary structure fol
lowing the production of an electric charge inside the
macro-molecule140and migration of the ionizing energy
along the covalently bonded structure. Energy then be
comes localized on weaker bonds,15o, 151 particularly on
S-S disulphide bridges responsible for maintaining the
various chains of the enzyme in the native structure.
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POLYSACCHARIDES

79. The most noticeable effect of r~diation on poly
saccharides is chain degradation. TIllS holds ~or :ill
conditions of radiationv" as shown by decrease ~n VIS

cosity, changes in light-scattering, electrophoretic :;nd
ultra-centrifuge patterns. The most probable mechanism
of degradation is one involving free radicals formed
from water, because Fenton's reagent, used as a source
of free radicals, induces the same damage.163

80. New acid and aldehyde-reducing groups are
formed in polysaccharides after irradiation.107, 154 Small
fragments have been found, e.g. gluconic and glucoronic
acids in the case of dextran. Mass spectrometry data
demonstrate the formation of H2, CO and CO2 when dry
cellulose is irradiated.

81. While the effects of irradiation on polysaccharides .
in solution and in dry state are much the same, cellulose
and pectin, when irradiated in a dry state show an after
effect, but only if stored dry in .thepres~nce 0 f oxygen.?~1

This is probably due to long-lived radicals formed With
oxygen. In addition to degradation, branching has been
observed in the dry state.168 The branches are random
in length and spacing. All branch points ~re probably
tetra-functional. Branching of polysacchandes m aque
ous solutions has not been reported.

82. High molecular weight polysaccharides such as
hyaluronic acid in solution (synovial fluid) are depoly:
merized-P when irradiated with relatively low doses or
X-rays (9,000 r),· and the process continues about
twenty-four hours after irradiation. Viscosity and light
scattering measurements have proved that, during the
after-effect, depolymerization continues. The most prob
able sites of depolyrnerization are the -O-C-phospho
ester bonds. The addition of cysteamine-r" protects the
synovial fluid, although in the absence of oxygen (pres
ence of nitrogen) synovial fluid is more radiation
sensitive. A detailed study of ESR of irradiated poly
saccharide has not thrown any light on the observed
chemical changes. Internal crosslinking has been sug
gested159 although direct proof, using hyaluronic acid,
does not exist.

MACROMOLECULAR COMPLEXES

83. There is growing interest in relating the results
obtained by irradiating isolated compounds of macro
molecules in aqueous solution, and even in the pure solid
state, to those from integrated macromolecular com
plexes (section VI below). N uc1eoproteins are probably
the closest models of nucleic acids as they exist in the
cell, although the status of nuc1eoproteins in vitro may
be very different from that in vivo.

84. Protein has a protective effect because it traps
radicals that would otherwise reach the deoxyribonucleic
acid (DNA), but the extent of this trapping is un
known.v'? However, some protective action of nucleic
acids on the denaturation of ovalbumin as measured by
the number of titrable sulfhydryl groups has been re.
ported.v'-

85. Nucleoproteins from the same SOurce but with
different protein contents show different radio-sensitivi
ties. Dilute solutions of DNA nucleoprotein with NIP
ratio smaller than 2 are more radio-sensitive than DNA
with NIP greater than 2. Radiation damage is estab
lished from a decrease in viscosity. These differences
can be attributed to the influence of protein content on



the configurations of DNA in the complexes rather than
to some protective action of protein.:l(l2,163

86. If there is a radio-lesion, several possible sites
of disintegration and disruption of a nucleoprotein can
be envisaged. These include bonds between nucleic acids
and protein. Their response may explain why irradiated
nucleoproteins do not swell in water as readily as un
irradiated material, and why trypsin yields free DNA
more quickly from irradiated nucleoproteins.v'"

87. On irradiation with electrons (2 X 104-2 X 106
rad), part of the DNA of sperm heads is cross-linked to
form a loose gel-like network ;165 this does not appear to
be due to secondary valence forces. Such cross-linkage
has been postulated to be the cause of inactivation of bac
teriophages by ionizing radiation.v" This seems less
plausible than the hypothesis that inactivation is due to
production of carbon radicals in phage DNA. Such radi
cals may combine with oxygen, react with a hydrogen
atom donor, or become inactive by an unknown process
if neither oxygen nor hydrogen is present.166,167

88. It is not yet clear which chemical changes are
most important in the loss of biological activity of nucleic
acids. No data clearly relate radio-sensitivity of biologi
cally active nucleic acids to chemical changes produced
by ionizing radiation. From studies on the inactivation
of transforming DNA by ultra-violet radiation, by heat
denaturation/os,16D and by radio-mimetic substances 170
damage .to the bases seems important. On the other hand,
a break III one of the chains of double-stranded DNA or
even scission of the whole molecule, does not necessarily
lead to loss of activity. The molecular weight of the
transforming DNA can be lowered approximately one
order of magnitude by ultrasonic disruption without
completely inactivating DNA.17:l The inactivation yields,
from decay of p32 incorporated into single- and double
stranded DNA phages indicate that, whereas all breaks
in single-stranded DNA inactivate the phage, both
strands must be broken in double-stranded DNA phages,
a fact which accounts for the lower efficiency (ca.lO per
cent) ,172

DETECTION OF FREE RADICALS IN WHOLE CELLS BY
ELECTRON SPIN RESONANCE (ESR)

89. Although the radiation chemistry of water and
of macromolecules in vitro can provide useful informa
tion on models of primary reactions in vivo, complete
information depends on studies on the chemistry of the
biological constituents after irradiation of living or
ganisms. Progress in this field has been obtained recently
with development of the electron spin resonance tech
nique (ESR) ; this allows study of free radical forma
tion in biological systems.V"

90. Through this method, unpaired electrons have
been detected in a variety of materials. When applied
to detection of free radicals, the material irradiated must
be stabilized to prevent diffusion of the radicals, e.g.
rrieasurement has to be carried out in solids, in frozen
solutions and suspensions, or in dry biological material.
In principle, quantitative estimates of the number of
unpaired electrons in a sample are possible. In practice,
it is difficult to attain reasonable accuracy.

91. Data derived from irradiated biological materials
are not easily interpreted. They do not necessarily relate
to those free radicals responsible for the biological effects
of irradiation because many unpaired electrons arise in
biologically less important molecules. From studies of
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si~pler systems it is known that the presence of even
slight amounts of impurities can modify the spectrum
appreciably. It is not yet possible to identify those free
radicals that give rise to the particular pattern of elec
tron spin resonance absorption in irradiated biological
material. Therefore, attempts have been undertaken to
show a parallelism between radiation-induced ESR
phenomena and biological effects on the same material.

92. In seeds of the grass Agrostis stolonifera, the
effect of irradiation on growth inhibition decreases when
water content increases. This has been related to the
observation that the fraction of free radicals persisting
for longer times after irradiation also decreases with
increasing water content.F" In seeds of Vicia [aba, both
the sensitivity and free radical concentration after irradi
ation decrease with increasing water content.r" In barley
seeds, studies have been made of the influence of water
and LET on radicals detected by ESR techniques.F"
Attempts to relate biological and ESR results on dry
P?llen.grains ha~e been reported.F" A parallel between
biological end points and ESR data has been established
in bacterial spores in studies of the effects of oxygen,
heat, and NO treatments on the biological and physical
responses.52,53,113,124 The ESR method, applied to the
investigation of lyophilized tissues of whole-body
irradiated rats, also demonstrates the presence of stable
radicals which vary with the different tissues. After
irradiation with 1,000 rad the amplitude of the spectra
does not change in any of the tissues with the exception
of spleen where there is a sharp decrease immediately
after irradiation.m The ESR method has also been used
to study the effects of different gases':" (air, N 2, NO)
and of protective substances like cysteamine and AET
on the production of free radicals.1Bo,lBl

93. The results obtained so far through the ESR
technique are summarized in the following proposi
tions :11

" (a) Ionizing radiation produces free radicals in
living material;

"(b) The concentration of free radicals produced
by radiation increases with increasing doses;

" (c) The measurable concentration of free radicals
depends on the surrounding gas and on the water con
tent of the specimen;

" (d) The concentration of free radicals decreases
relatively slowly after irradiation and is still well
measurable for minutes or up to many hours according
to the material and environmental conditions (water
content and gas) ;

" (e) The opinion, widely held up to the present,
that absorption of radiation in biological material gen
erally leads within micro-seconds to states stable in
the physical sense, must be abandoned;

"(f) It has been proved in some cases that a mo
lecular interchange exists between protective sub
stances and the protected material, and that it plays
a fundamental part in protective action."

v. Chemical factors modifying radiation
response in cells

OXYGEl'f EFFECT

94. The influence of oxygen tension on the response
of biological systems to radiation is one of the funda
mental phenomena of radio-biology. This influence, ex-



erted during irradiation, is generally called "~xyge.n
effect". Gray's recent review integrat~s the data in ~hlS
area.182 The effect has been observedin a .great variety
of biological systems and can be described in the follow
ing way:

(a) In the absence of ~x~gen, or O;t ~e~uced oxygen
tension, the effects of radiation are dlml~lsh~d but not
eliminated; oxygen acts as a dose m~lt1J.~IYlllg ag:ent.
Considerable clarification of the quantt~attve relations
between radio-sensitivity and oxygen tension has resulted

. Sh' 11 fi .188from work with the bacterium ~ge a exneri.
Since, for this organism, survival is exponentia1ly related
to dose at all oxygen tensions, th~ slope. ~f. the curve
may be used as a measure of radLO-Se?Slttvlty. It ~as

been found that, when a sufficiently dilute suspens~on
of bacteria is vigorously bub~le.d th~oughout the period
of irradiation with gases containmg ~Iffere~t.p~rcentages
of oxygen, the relation between radlO:sensltlVlty,. S, a~d
the concentration of oxygen (0.2) .m 0e medium m
which the organisms are suspended IS fairly accurately
represented by the simple relation:

S - SN [0 2]

SN = (m - 1) [02] + K

where SN is the sensitivity under anaerobic conditions,
obtained by bubbling oxygen-free nitrogen throug? the
solution and ID and K are constants. In general, m IS the
ratio b~tween the effectiveness of a given dose when
oxygen is freely available and the effectiveness when
oxygen is absent. Thus, (m- 1) may be conslder~d as
the ratio of the oxygen-dependent to the oxygen-inde
pendent components of radio-sensitivity. The const.~t.K
is the concentration of oxygen at ,,:hlch the senslttvl~y
is exactly midway between anaerobic and fully aerobic
values. The ratio m varies around 3 for a wide range

. . . f b ct . 188-186of cell types and effects: inactivation 0 a eria,
and yeast/S8 growth.>" chromosome aberrati~ns18~. 200
and mitotic delay,ol in plant tissues, as well as ~n~ctn:a

tion of isolated mammalian cells.202,2oa The similarity
between values of K(in the range of 4.5-5.0 p.M/I) for
irradiation of bacteria, yeast,204 ascites tun;our cells,202
and plant root cells/89 may be fortuitous, since a some
what higher value of K (l0'± 2.8 p.M/I) has been re
ported20fi for Tradescantia pollen tube chromosomes.

(b) In wet meta~o~izing systems, the pres.enc~ of
oxygen during irradiation appears to be essential since
no effect has been seen in bacteria irradiated under
anoxic conditions when oxygen is introduced only 20
milliseconds later}06 Even stronger evidence is supplied
by studies of the inactivation of Serratia marcescens by
very short pulses of high intensity electron beams.v"
Cell suspensions were irradiated with 1.5 MeV electrons
delivered either in a single pulse of two microseconds
duration C10-20 had total dose) or for five minutes at
a dose-rate of 1000 rad/min; both treatments were ap
plied either in hydrogen or in a 1 per cent oxygen and
99 per cent nitrogen mixture. When irradiation was very
short, the radio-sensitivity of the bacteria was the same
as under anoxic conditions, whereas with the longer
irradiation, oxygen enhanced the sensitivity by a factor
of 2.5. However, in dry bacterial spores two actions of
oxygen, one realized only if oxygen is present during
irradiation, the other at appreciable times after irradia
tion, have been shown.02,58,llS

(c) Oxygen effect is usually less marked when cells
are exposed to high LET radiation, An important aspect
of the oxygen effect is that the enhancement ratio, m,
varies with type of radiation, being highest with radia
tion of lowest LET.
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95. The nature of radio-che~ical reactions ~n the
oxygen effect including the possible role of H.0 2 radi
cals and of other reactive products wh.ose YI~lds are
influenced by oxygen tension, have been :"ldely discussed
in recent years.208 Proof has been clted5~,ss, 118 ~t

oxygen-free radical inter~ctio~ takes place 1ll bacterial
spores to bring about biological damage by X-rays.
However, the spores are semi-dry, a;nd the role of w:"ter
in these interactions has been studied as yet only 1!l a
preliminary fashion. 209, 21~ Consequently, a generahza
tion involving the metabolizing cell cannot be made now.
The belief that the oxygen effect depends op cell~r

aerobic metabolism is challenged by ~xpenments m
microorganisms with normal and defective cytochrome
systems in which oxygen effect is 1fe sam~.2:11 ~owever.
oxygen effect varies with the cell s physiological state.
For instance, freshly harvested yeast cells, before starva
tion have a considerably higher oxygen enhancement
ratio Cm = 3.6) than cells which have beenstarved. The
ratio m decreases as the starvation period IS prolonged,
reaching a minimum valu~ of m = 2 after two days'
starvation '12 The observation that oxygen alone causes
chromoso~e aberrations when in high concentrations'P
complicates interpretation at this time.

96. This oxygen effect must not be. con~us~d with.the
effect of oxygen given in th~ ~ost-~r~adlatlOn penod.
Since the development of radiation lllJury deI?ends .on
metabolism, it is likely that there are systems m which
the magnitude of radiation lesions can be altered by

. f . di . 214-217 S ratchanges in oxygen tension a ter rrra ration, . eve
papers have also dealt with the effect of anoxia; these
have shown that anoxic conditions in metabolizing cells
after irradiation reduce damage in some cases,218 in
others enhance it. 219

EFFECT OF GASES OTHER THAN OXYGEN

97. If oxygen exerts its radio-bi?lo~ical effects by re
acting with radicals induced b~ r~cliatlOn, other Q:l~ygen

like substances may react similarly.l'" In ShWtl~lla
fiesneri Y6R bacteria.v" nitric oxide. el:han~es radiation
damage in the absence of oxygen. Nitric OXIde has been
found to enhance the effects of ionizing radiation on
plant roots221 and on ascites tumour cells.222 In Droso
phila, nitric oxide present during irradiation enhances
the production of dominant lethals and sex-linked rece;;
sive lethals.w The system seems to differ from that In

bacteria and ascites cells in that the same concentration
of oxygen does not show an equivalent effect. Although
these studies have shown that nitric oxide may frequently
simulate oxygen, differences in the effects of the two
gases have been shown in dry biological materials. Dry
grass seeds irradiated and stored in nitric oxide are less
affected by radiation than those irradiated in anoxia.
However, when the water content of tbe seeds exceeds 12
per cent, nitric oxide is as effective as oxygen.l79 In
spores of Bacillus meqaterium, two actions of nitric
oxide are known: a small sensitizing action during
irradiation and a large protective action after irradia
tion.m The latter action is a consequence of removal of
free radicals.52,:124 The degree of hydration may influ
ence the size of the two actions.18~

EFFECTS OF GASES UNDER PRESSURE

98. The oxygen effect on Vicia [aba roots and ascites
tumour cells is prevented when cells are irradiated in
liquids in equilibrium with different gases under
pressure?24,225 The following gases have tbis effect:



.11c;lllL''''', hydrogen, nitrogen, argon, krypton, xenon, and
cyclopropane; the same applies to nitrous oxide in
tumour cells. The mode of action has not yet been estab
lished; the structures normally injured by radio-chemical
reactions involving oxygen may be protected by an
absorptive layer of the other gas. Proof that these sub
stances interfere with injuries directly or indirectly de
pendent on oxygen is provided by the fact that they never
reduce the effects of the oxygen outside the limits of
anaerobic conditions. This research may provide a most
valuable clue to the mechanism of oxygen effect.

HYDRATION

99. The precise significance of water radiolysis in the
reactions induced in cells by radiation has still to be
determined. New facts on this subject have been given
by experiments of Hutchinson et al.226 They measured
inactivation of two enzymes (invertase, alcohol dehydro
genase) and of coenzyme A in wet and in dry yeast cells.
They found that the sensitivity of these enzyme mole
cules were two times and twenty times greater respec
tively in the wet state, than in the dry state. Wet versus
dry sensitivity for coenzyme A was estimated as 100 to 1.
It has been assumed that the difference between the wet
and the dry sensitivities is caused by the migration of
chemically active intermediates formed by irradiation of
water in the wet cells. Hutchinson" estimates that the
migration distances of the water radicals are about the
same (30 Angstroms) in all three cases.

100. Although increased water concentration enhances
radio-sensitivity in Aspergillus,227 several investiga
tions 228-23J. comparing radio-sensitivity of dried and wet
plant seeds show that it is higher in the dried. Experi
mental results on A rtemia eggs 282,288 parallel results on
plant seeds. It is difficult to draw a general conclusion
from the few investigations made on the comparative
radio-sensitivities of wet and dry cells. The possibility
must be considered that, in some experimental condi
tions, radio-sensitivity is modified by an inadvertent
change in oxygen tension within cells which is very likely
to be different for different moisture contents. Also, it
may well be that effects of moisture observed in plant
seeds and Artemia eggs are due mainly to alterations in
physiological state rather than to participation of water
radicals in primary radio-chemical reactions.2S1,283

PEROXIDE AFTER-EFFECTS

101. I f phage particles are irradiated in buffer and
allowed to remain in the suspending medium after
irradiation, the number of damaged particles increases
wi th time.284-286 Similar phenomena have been re
ported 237-239 in bacteria, in lysogenic systems, and in
phage bacterium complexes. This after-effect may be
attributed to the presence of H 20 2 or of organic per
oxides formed in the broth. However, doses exerting
profound effects on whole cells are often not high enough
to produce damaging concentrations of peroxides in the
suspending media. This holds particularly if cells con
tain catalase, but hydrogen peroxide and organic
peroxides in dilute suspensions which contain little
protective organic matter may also exert a marked effect.
In synthetic media, the concentration of peroxides re
sponsible for the after-effect decreases with time during
twenty days after irradiation. During this period the
rate of decrease depends on dose, at least in the 1-5
kilorad range.2S6 Artificially added inorganic peroxides,
e.g. persulfate and urea peroxide.?" can also increase
sensitivity of phages and bacteria.
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102. A possible clue to the action of peroxides has
been found through studies of radiolysis of purines and
pyrimidines. The addition of hydrogen peroxide and
persulfate to irradiated solutions increases the G value
of pyrimidines but leaves the G value of purines un
altered.241,242

CHEMICAL PROTECTION

103. Certain substances of different composition and
distinct physical and chemical properties, when added to
cell suspensions, can reduce the effects of subsequent
irradiation. Study of the chemical protection of the cell
is potentially helpful for understanding the primary
events of radio-biological processes. Among "protective
agents", the sulphur-containing compounds (cysteamine,
cystamine, aminoethyl-isothiouronium, glutathione, etc.)
are the more important. A few inhibitors of enzyme
activity (sodium cyanide, sodium azide, etc.), some
metabolites( gluconate, pyruvate, ATP) 248-246 and alco
hols,247-241l have the same action. Chemical protection
requires the presence of the protector before or during
irradiation, and is more effective against X -rays than
against other ionizing radiations. However, some me
tabolites can also have positive effects after irradiation,
possibly by influencing repair processes.>": 246

104. Protection has for long been associated with the
indirect action of radiation. It has even been used as a
criterion for distinguishing indirect from direct action.
This view can no longer be justified. Experimental
evidence has been presented wherein no indirect action
can be envisaged.141, 250-252

105. One action of protective agents may be explained
by a decrease of oxygen tension.25s, 255,256 The anoxic
hypothesis implies utilization of oxygen by the protector,
e.g. in transformation of cysteamine into cystamine.
Support for an anoxic effect of protective agents stems
from experiments in which the dose reduction factor
with cysteamine is similar to that of simple oxygen
removal.F" However, several investigators consider that
sulphydryl compounds are protective by other means
than production of anoxia. The most recent observations
supporting this have been obtained in Escherichia
coli,250-258 in isolated rat thymocytes.r" and in HeLa cells
in tissue culture."?

106. Alternatively, protection may be achieved by
combination of the chemical protector with free radicals
produced by irradiation. By comparison with chemical
data182 a competitive type of reaction may be envisaged.
This reaction involves free radicals, oxygen, and pro
tector. The protecting molecule may act either by com
bining with free radicals, thus avoiding formation of an
unstable active peroxy-radical, or by attacking the
peroxy-radical and making it stable, i.e., non-active.v"
No clear-cut evidence has been presented in favour of
either hypothesis.

107. Another explanation is that protecting molecules
attach themselves primarily to cell structures, thus mask
ing sensitive sites. The complex so formed would guard
these sites from the attack of free radicals (indirect
action). This complex may also dissipate absorbed
energy less harmfully (direct action). With Sfl-contain
ing compounds, Eldjarn and Pihl 24s have proposed a
chemical model embodying this concept. The masking
effect hypothesis is supported by experimental results
showing that decrease of protective ability of cysteine
injected into animals parallels recovery of the metabolic
activity which that substance had initially lowered. 262, 263



"genetic" or "non-genetic" factors necessary for recov
ery of the damaged structure are functional. The con
tribution of the cytoplasm in radiation injury has been
partially clarified by recent investigations. In particular,
the presence of toxic products 289-200 and the existence of
changes in IEP (isoelectric point) perhaps associated
with changes in RNP (ribonuc1eoproteins) localized in
cytoplasmic microstructures may imply disturbances in
nuclear cytoplasmic interaction.201-296

115. Particular emphasis has been placed on the
metabolism of deoxyribonucleic acid (DNA) and on its
interaction with ribonucleic acid (RNA) and protein
metabolism. These metabolic functions are so intimately
intertwined in the way they influence cell division and
replication that it seems logical to treat them integrally
to assess how radiation may affect this complex.

DNA SYNTHESIS

116. Recently Komberg and associates297-299 have
synthesized DNA in vitro from deoxyribonucleoside
triphosphates using purified extracts from E. coli. The
system requires "primer" DNA which, during the
reaction, replicates. The product has a base composition
identical with that of the native primer. Single stranded
(denatured) DNA preparations also provide excellent
primers.500

117. This mechanism is compatible with present con
cepts on DNA replication in vivo. These postulate that
double-stranded DNA may split wholly or partially into
single strands that serve as templates and receptors for
complementary strands. Moreover, Kornberg et 01.,u1
identifying all the dinucleotides in synthetic DNA, have
shown that the in vitro system produces double-stranded
DNA molecules with each single spiral running in the
opposite direction as compared with its mate; this result
provides excellent support for the Watson Crick model.

118. The presence of polymerase, first found in E. coli
extracts, has also been demonstrated in extracts of mam
malian cells from ascites tumours, thymus, regenerating
liver, etc.B02-B05

119. In the nuclei of tissue cells, DNA synthesis is
limited to a definite period during interphase. In the first
hours a~ter mitosis there is usually no DNA synthesis
(G1-penod). In the next period (S-period), lasting
several hours, the DNA content of the cell doubles. The
interphase. is con~luded by the G2-period. This sequence
~f events Ir: the I.nterphase may be subject to rnodifica
tions ; thus, III ascites tumour cells the G1-phase is absent
Precursors of DNA are probably produced in the
Gr-phase and activated (to nucleosidetriphosphates) at
the eXp'ense of energy-generating processes (e.g. nuclear
oxydative phosphorylation), Nuclear synthesis of RNA
also occurs in t?is phas.e, associated with the production
of new enzymic proteins, In the synthetic period the
as.sembly of activated precursors most probably o~curs
With t~~ help of the ne~rly synthesized enzymes and with
the on~mal DNA servmg as template and primer. In the
G2-penod DNA is further prepared for its subsequent
role in the imminent cell division. In cells of lower or
ganisms this stratification into well separated division
stages does not occur. Probably, however the sequence
of metabolic events is similar. '

120. Since the discoyefY: by Hahn and HevesyB06 that
p~osphor~ls. incorporation mto DNA is inhibited by ion
~zmg radl~tIon, a fact. confirmed by similar evidence on
incorporation of various labelled precursors such as

108. Other substances with known pharmacological
activities (hormones, amines, neurodrugs), protectors
after injection in animals, seem to have no action in cell
suspensions. Thus, little information about the primary
events of radio-biological action can be obtained from
in vivo experiments in which they are used except for
that concerning their possible interference with metabolic
processes.

109. The chemical protective agents are also effective
against chromosome aberrationsv" and induction of
mutations by X- and gamma rays.265,266 However, this
subject deserves much more attention, the data being
scanty.

110. Accumulated evidence on chemical protec
tion 24S,JH4 does not now permit an unequivocal recogni
tion of mechanism. New data are needed to clarify this,
The ESR technique may become useful in this area.

113. ~on-nuc1e~ted cells (Acetabularia, amoebae.s'"
Paramec~aJ280,281 tlss~e culture cells) 282 ultimately die,
but they may survive for a considerable time and
even cont}nue .to differenti~te (Acetabularia). 280,266,284
Lethall:r irradiated E..col! cells retain the ability to
synthesize active bacten~phage.256,266-288 Owing to this
high degree o~ cytoplasmic ~utonomy, nuclear radiation
damage affectmg cytoplasmic functions may escape de
tection during the observation period.

1l~. Conversely, cytoplasmic damage affecting the
physiology of the cell may not become permanent if the

52

111. Some of the more spectacular and most exten
sively studied effects, such as inhibition of cell division,
mitotic delay and mutation, are most readily associated
with nuclear damage and are apparent after exposure to
relatively small doses of radiation. However, inhibition
of cytoplasmic functions should be carefully considered
in assessment of total damage. Since nuclear and cyto
plasmic functions are so clearly intertwined, it is impera
tive to consider their possible interactions in weighing
the relative importance of nuclear and cytoplasmic
damage.

112. These interrelationships vary with different
systems and different functions. The early works of
Winternberger.v" Zirkle,208 Henshaw.P" Hercik'"" and
Petrova 271 showed that mitotic delay and cell death are
principally manifestations of radiation damage sustained
by the nucleus. Recent experiments dealing with partial
cell irradiation have shown clearly that irradiation of
genetic material is far more effective than cytoplasmic
irradiation in producing cell lethality. For example 50
per cent inhibition of hatching of H abrobracon ~ggs
requires 197 alpha particles to the cytoplasm; only 1
alpha particle to the nucleus suffices to inactivate the
egg.272 Comparable results have been obtained in similar
experiments with newt heart cultures.F" Conversely,
situations may be expected where cytoplasmic damage is
relatiyely more effective in impairment of specific cell
functions. For example, changes in isoelectric point of
mitochondrial nucleoproteins of the adult nerve cell occur
during or immediately after irradiation with small
doses.216-277 This indicates alteration of metabolic
f.unctions and, in particular, of oxydative phosphoryla
tion. 275,278

VI. Effect of radiation on cellular structures
and their function



adenine, orotic acid, formate, phosphate and thymidine,
it has been generally accepted that DNA synthesis is a
aarticularly radio-sensitive metabolic process. Recent
nvestigations have cast serious doubt on the correctness
)f this opinion. They lead, rather, to the conclusion that
relatively low radiation doses do not affect the rate of
DNA synthesis in various types of cells. It is now
realized that a diminished incorporation of precursors
nto DNA after irradiation may not necessarily represent
)rimary inhibition ~f DNA synthesis. It may be the con
iequence of other differences between the irradiated and
he control cell populations,807-Bll namely:

(a) Accumulation of cells in the G2-phase as a result
)f mitotic inhibition;

(b) Changes in the distribution of the various cell
:ypes of a mixed cell population;

(c) Increase of the fraction of dead cells in the ir
radiated population. The same argument obviously
ipplies to the synthesis of RNA and protein.

121. Recent developments in the use of microspectro
ahotometry and autoradiography for the study of single
cells often make it possible to account for these complica
lions and thus to arrive at a more correct evaluation of
:he biochemical effects of irradiation. Another method,
although at present often more difficult, uses more or less
synchronously dividing cells. The following survey con
siders investigations using these techniques.

122. Irradiation of HeLa-cells with 550 r leads to a
considerable increase in the fraction of cells synthesizing
DNA as compared with control cultures."> This in
crease amounts to 100 per cent six hours after irradiation
(this represents a larger fraction than can be accounted
for by inhibition of mitosis). Apparently, cells irradiated
:luring active DNA synthesis continue to synthesize for
longer periods than normal; this may be related to giant
cell formation. Moreover, Painter t-" found that when
post-irradiation mitosis resumes, added tritiated thy
midine results in a lower fraction of labelled cells in
mitosis of these cells than in mitosis of unirradiated con
trols. This could be due to sluggishness of irradiated
cells in the G2-phase and/or in mitosis of the next divi
sion stage.

123. In contrast, Harrington 814 did not see any direct
effect of exposure to 500 r on the fraction of U-12
fibroblasts in DNA synthesis. The percentage of cells
synthesizing DNA began to drop after an interval cor
responding to the duration of the G:t-phase; this decline
must be wholly attributed to inhibition of mitosis.

124. A similar conclusion has been drawn from
studies of L cells (mouse fibroblasts) m, S10 in which
DNA synthesis continued in the absence of mitosis until
the double premitotic content per cell was reached. Very
high doses (4000-5000 r) retarded DNA synthesis
instantaneously. After exposure to 2000 r the cells still
completed an average of three divisions, whereas after
5000 r, only 20 per cent of the cells were still capable of a
final division. Such DNA synthesis as was observed
thereafter was in giant cells and occurred at a consider
ably lower rate than in normal unirradiated cells.

125. X-irradiation (800-1250 r) of Ehrlich ascites
tumours has not been found to inhibit DNA syn
thesis.s-" 818 Mitotic activity is arrested instantaneously
but volume, dry weight and total nucleic acid per cell
continue to rise considerably. The DNA content per cell
rises to the pre-mitotic level. Harbers and Heidel
berger 319 cultured and irradiated Ehrlich ascites tumour
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cells in vitro using doses of 750-3000 r. They found
inhibition of the incorporation of (2_C14) uracil in DNA
thymine, but the possibility that this effect was due to
inhibition of mitosis has not been excluded. Further
results have been reported by Budilova S20 on the incor
poration of several precursors into DNA molecules of
isolated thymus cells nuclei; incorporation was greatly
reduced in nuclei irradiated in vivo, whereas there were
no changes when nuclei were irradiated in vitro.

126. In bone marrow cells in vitro, high doses of
radiation (> 500 rad) directly inhibit DNA synthesis.
Lower doses « 300 rad) cannot inhibit DNA synthesis
in cells already in the synthetic period. However, cells in
the G1-phase at the time of irradiation enter the S-phase
only after an appreciable delay. More recent observations
by Uyeki 821 are in accord; the number of cells entering
DNA synthesis after 800 r is strongly depressed.

127. Low doses of X-radiation (50-140 r) prevent
division of root tip meristem cells of Vicia faba but do
not interfere directly with DNA synthesis.822, 82B How
ever, cells not yet in synthesis at the time of irradiation
pass on to the synthetic phase only after a delay of 10
hours or more. In contrast, Das and Al£ertSU have re
ported an immediate effect of irradiation on DNA syn
thesis; even a dose as low as 200 r enhances DNA 'syn
thesis, whereas 800 r increases the uptake of tritiated
thymidine to approximately five times the control value.

128. From studies in regenerating liver 323 0 820 it has
been concluded that DNA synthesis itself is not primarily
affected after partial hepatectomy by relatively feeble
radiation doses.m,82G In resting liver there is no appre
ciable DNA synthesis, but when regeneration is induced
by partial hepatectomy, synthesis begins 15-18 hours
after the operation and reaches a maximum at 24-29
hours. In this first stage of regeneration there is reason
able synchronization of DNA synthesis. High radiation
doses (up to 2,000-3,000 r) are needed to inhibit syn
thesis once it has begun; a dose of 500 r is ineffective.
However, the latter dose is quite effective in postponing
synthesis when given before the beginning of the syn
thetic period.

129. Few experimental data are available on the sen
sitivity of DNA synthesis in micro-organisms to X
irradiation. Billen 827 studied mutants of E. coli and, in
particular, the influence of "unbalanced growth" and
radio-sensitivity. He concluded that Xvirradiation in
hibits the synthesis of protein required for DNA repli
cation.

130. In dividing H. influenzaeJ E coli B and Byr,
irradiation with doses between 19 and lOOk rad-is-fol-c;...,,
lowed by breakdown of cellular DNA; after a certain
time this process stops and is followed by an increase in
DNA.828,829

131. In H. infiuenzae, the biological activity of DNA,
as characterized by its transforming activity, has been
determined after irradiation. All remaining DNA and
DNA formed after irradiation is functionally normal.
No relation has been found between killing and severity
of DNA breakdown. From this it has been concluded
that observed DNA breakdown is not the immediate
radiation-induced process leading directly to cell death.829

132. DNA is in a highly polymerized state in bacterio
phages 880, 881 and certain tissues. 882, 8SB After irradiation,
depolymerization is seen,888-886 and shifts in the purine!
pyrimidine ratio in DNA synthesized after X-irradiation
of spleen cells in vivo have been observed.S80, 887 Changes



in the thymine/adenine ratio in DNA synthesized after
irradiation of plants have been reported by Kusin and
Tokarskaya.s8B,s8~ These changes seem to be closely
related to disturbances in nucleotide metabolism.s4o-s42

RNA AND PROTEIN SYNTHESIS

133. In contrast to DNA, most RNA is in the cyto
plasm; only a small fraction resides in the nucleus.

134. Little is known about the secondary structure
of RNA. It is probably single-stranded. Physico-chemi
cal data suggest that it may fold locally into incomplete
double spirals stabilized by H-bonds; these orderly
structures would be held apart by unarrayed segments
of the RNA chain. s4s

135. Nuclear RNA is not homogenous; an important
fraction is probably in ribosomes, as observed in thymus
nuclei. Cytologically, RNA may be divided into chromo
somal and nuc1eolar RNA. Biochemically, two fractions
of nuclear RNA may be distinguished, one extractable
by low concentrations of saline (n-RNAl ) , another re
maining undissolved (n-RNA2 ) . Generally, n-RNAl

incorporates labelled precursors less readily than does
n-RNA.2. w - s48According to Zbarskii and Georgiev-": S48
n-RNAl represents the chromosomal RNA and n-RNA.2
forms part of nucleolar RNA.

136. In the cytoplasm, RNA occurs in the cell sap
CS-RNA) and in the microsome (liver, pancreas) and
ribosome fractions. The molecular weight of S-RNA is
relatively small (20,000-40,000); that of microsomal
RNA is considerably larger (approximately 1.7 X lOll).
The possibility cannot be excluded that the latter mole
cular weight represents aggregates of molecules of lower
molecular weight as it has been shown that ribosomes
may disintegrate into smaller particles depending on the
Mg++ concentration of the solvent. The RNA in the
smallest ribosomes, the so-called 30 S particles, has a
molecular weight of only 5.6 X 105. Small amounts of
rapidly turning over "messenger" RNA of an inter
mediate size, between the latter RNA and S-RNA, are
present in uninfected and phage-infected bacteria.S49, S50
This RNA attaches itself to existing ribosomes and con
fers on them the code for protein synthesis.

137. Recent studies provide evidence that RNA is
synthesized exclusively in the cell nucleus, and is trans
ported from nucleus to cytoplasm after synthesis. Thus,
Goldstein and Plaut"" transplanted pS2 RNA labelled
nuclei from intact amoebae into enucleated amoebae'
after a while the cytoplasm of the host contained labelled
RNA. As these amoebae were viable, it seems unlikely
that leakage from damaged nuclei was responsible for
the effect.

. 138. So far, the type of the nuclear RNA transported
into the cytoplasm has not been established. Woods and
Tay~or86~ have suggested that RNA is primarily syn
thesized m chromosomes and subsequently stored in the
nucleolus; .from there. it.would be transferred to cyto
plasm. This hypothesis 1S supported by other investi
gatorsS5::l,854 who have found that, with a labelled RNA
precursor, radio-activity is first detected in chromatin
and only later in the nucleolus; continued incubation in
the absence of labelled precursor leads to an earlier and
faster fading away of the radio-activity of the chromo
somal than of the nuc1eolar RNA.

139. Whether t~is hypothesis has general validity for
all types of cells 1S not known. From experiments on
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selective irradiation of the nucleolus by UV microbeams,
Perry et az.s~5 have concluded that RNA transport into
the cytoplasm originates from both nuclear locations of
RNA. From recent autoradiographic studies of the in
corporation of tritiated precursors into RNA of Hel.a
cells, in which several correction factors were applied
for the conversion of grain counts into actual incorpora
tion, the same authors state that their data do not show
a transport of RNA from chromatin to nucleolus.BM

Moreover, a few instances are known where labelling of
the nucleolus precedes that of the chromatin."!

140. Little is known about the mechanism of RNA
synthesis. An enzyme, polynucleotide phosphorylase,
that catalyzes the synthesis of RNA from ribonucleoside
diphosphates has been found in micro-organisms by
Ochoa and associates.f" The purified enzyme requires a
primer, but any tri- or tetranuc1eotide may serve in this
capacity, and it is not the primer but the available nucleo
tide diphosphates that determine the base composition
of the product.S59-S111

141. On the other hand, extracts, not only from micro
organisms but also from animal cells, polymerize ribo
nucleoside triphosphates to RNA.B82,8SS When DNA is
present, treatment with DNA-ase destroys its activity.
Enzymatic activity depends also on the simultaneous
presence of the triphosphates of all four nucleosides,
Furth et al.ss4 and Weiss and Nakamotov" have shown
that newly synthesized RNA is a copy of the base com
position of the added "primer" DNA. The enzyme pro
duces polyadenylic acid or poly-uridylic-adenylic acid
when primed with polythymidylic- or poly-adenylic
thymidylic acid respectively. With M. lysodeiktims or
T 2-DNA as a primer, the newly synthesized RNA has
the same nearest-neighbour base frequency as the
primer.3G6 The resemblence of this enzyme to the poly
merase of DNA synthesis is striking.

142. From experiments with labelled RNA pre
cursors, it has been shown that synthesis of RNA occurs
during the entire interphase, although in some cells the
process is slower during S-phase. During mitosis, no
RNA seems to be synthesized.

143. Within the nucleus, DNA transfers its genetic
information to RNA.SS1, 868 The presence of an RNA
polymerase ~e9.uiring DNA for action, and copying its
~ase composition, supports this concept. RNA formed
~n ~he nucleus then passes into the cytoplasm, carrying
1tS information to protein synthesizing sites. Richs69 has
demonstrated ~at, in principle, a single-stranded RNA
molecule can unite with a complementary single-stranded
DNA molecule. Moreover, Hall and Spiegelmarr"? have
shown specific hybrid formation between single-stranded
T 2-J?NA and tl;e R!'JA synthesized subsequent to in
fection of E. coli. Geiduschek et al. do not favour single
stranded DNA as a necessary intermediate in R!\l'A
synthesis in vitro. S11

144..App~rently, the base sequence of the DNA is
transcnb.ed into newly forme~ messenger RNA, triplets
(or multiples of 3) of nucleotides carrying the informa- I

tl?n for various amino acids (para. 151). The mosl ~
direct p~oof. of th~ ability of RNA to carry genetic;
information 1.S p~ov1ded by.the information that purified
tobacco n:osa1cV1ruS RNA 1S apparently infectious. How
information transfer between DNA and RNA is effected
is not know:n. Leslie"" recently postulated, from studies
on hu~an liver c~l1s and from the literature, that coding
for micro-orgamsms and for somatic cells of higher
organisms may differ.



145. About twenty years ago, a relationship between
RNA and protein synthesis was independently advanced
by Caspersson?" and Brachet308 as a hypothesis; this
hypothesis has now become a firmly established biological
concept.

146. Protein synthesis has been most studied in micro
organisms and in the microsomal fraction of the cyto
plasm of higher cells. The first step is activation of
amino acids in a reaction with A TP resulting in an
amino acid adenylate. The latter compound does not
appear freely in solution but remains attached to the en
zyme; amino acid activation is therefore usually studied
from the exchange between labelled pyrophosphate (one
of the reaction products) and the phosphate groups of
A TP or by the chemical transformation of the amino
acid adenylate by hydroxylamine into hydroxyamic acid.

147. The activated amino acid then becomes attached
to the transfer or soluble RNA (S-RNA). It is bound
in the manner common to all amino acids, via the terminal
nucleotide sequence cytidylic-cytidylic-adenosine : the
amino acid residue is bound in ester linkage to the Cs'
atom of adenosine. Although the method of binding is
identical, each amino acid has a high specificity for the
S-RNA to which it becomes attached. There are different
S-RNA molecules for each type of amino acid. The
specificity of S-RNA resides in its base sequence.

148. The function of S-RNA is that of acting as a
carrier which brings the amino acid to the template.
Investigations of Bosch et al.3 73 have shown that S-RNA
can be firmly bound to the ribosomes. On the other hand,
it is possible that this "transfer"-RNA resides perma
nently in the ribosomes. Thermodynamically, this latter
hypothesis is more attractive; it may be significant that
in one of the very scanty examples of net synthesis of
enzymatically active protein in vitro this could be ac
complished by a cell-free system in which S-RNA
formed part of the ribosome particles.s'"

149. The last phase in protein synthesis is the as
sembly of activated amino acids into polypeptide chains
by peptide linkages, and release of these chains from
ribosomal particles. For this step GTP is required. The
process is greatly stimulated by SH-compounds.3 u , 375

150. Protein synthesis has been studied in micro
sornes of cells of higher organisms. It is, however, by
no means confined to this system. Net synthesis of
cytochrome-c has been demonstrated by Bates et al.8 76

in mitochondria. Moreover, it has been shown by Allfrey
and Mirsky'"? that protein synthesis in the nucleus is
very similar to that in the cytoplasm. These investigators
suggest that the energy for protein synthesis in the
nucleus is provided by phosphorylation in mitochondria.

151. The part played by RNA in carrying genetic
information for the production of proteins is clearly
shown by the discovery of Astrachan and Volkin 378 that
infection of E. coli by various bacteriophages immedi
ately induces the production of a new RNA which re
sembles, in base composition, the DNA of the phage.
N omura et al.37 0 found that, after T 2 infection, there is
no synthesis of typical ribosomal RNA and that phage
specific RNA sediments at a slower rate (8 S) than
ribosomal (16 S and 23 S). Apparently, the genetic
information for the synthesis of phage protein does not
reside in the usual ribosomal RNA but is induced in

.. pre-existing ribosomes by a phage specific RNA which
may be considered a messenger RNA. Brenner et al.,850

using isotope labelling techniques followed by careful
separation of the various RNA-containing fractions,
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actually demonstrated that the new RNA (which, ac
cording to Volkin and Astrachan.f" has a base compo
sition corresponding to that of the phage DNA) is
associated with pre-existing ribosomes and provides
them: with the necessary information for specific protein
synthesis. Gros et al.,HO in "pulse experiments" with
tracers, have shown that exactly the same situation pre
vails in uninfected bacteria where an RNA component
with rapid turnover and which is physically distinct from
ribosomal RNA or S-RNA can be demonstrated. The
fraction behaves in the ultracentrifuge and towards pre
existing ribosornes in high Mg++ concentrations exactly
as the phage specific RNA induced by T2 infection; it
becomes associated with the active 70 S ribosomes, the
site of protein synthesis. According to this concept, the
typical ribosomal RNA carries no genetic information.
The concept of messenger-RNA has been greatly eluci
dated and amplifiedby experiments of Matthaei and Nir
enberg 3BO who demonstrated that, in cell-free extracts of
E. coli containing ribosomes, poly-urydylic acid can in
duce the synthesis of poly-phenylalanine. At present,
triplet code letters have been assigned by Speyer et al.
to l 4 amino acids.BBl

152. The influenceof ionizing radiation on RNA and
protein synthesis has not been studied to the same extent
as that on DNA synthesis, and available data do not
permit a satisfactory analysis of the effects.

153. Painter.s-" using 1,500r, did not find a significant
disturbance of the uptake of tritiated cytidine into the
RN A of HeLa cells. N either did Harringtonm see any
effect on the incorporation of tritiated cytidine into
nuclear RNA of U 12fibroblasts after 500 r. Shabadash,
on the other hand, showed that cellular ribonucleopro
teins are extremely responsive to penetrating radia
tions.t"- 291 This was recently confirmed biochemically.i'"
Ribonucleoproteins localized in structures of different
organe1les do not have identical physico-chemical proper
ties, as indicated by differences in their iso-electric
points.?" which are more acid in mitochondria than in
microsomes. The former is more sensitive to penetrating
radiation.293,296

154. Klein and Forssberg-" irradiated Ehrlich ascites
tumour cells in vivo with 1,250 r and found no changes
in RNA synthesis. However, in vitro irradiation of these
cells inhibits incorporation of labelled uracil into RNA
of the nucleus but not into that of the cytoplasm.F" This
result is difficult to understand in view of the probable
nuclear origin of most RNA.

155. From the studies of Logan and collaborators.s":
BB4 it has been concluded that irradiation of isolated liver
and calf thymus nuclei in vitro distinctly reduces the
rate of incorporation of labelled precursors into nuclear
RNA. A similar effect on the incorporation of pS2 into
nuclear RNA can be obtained with regenerating liver, if
irradiation is given at the earliest stage of regenera
tion.3B5 This observation agrees with data on the syn
thesis of certain enzymes necessary for the synthesis of
DNA in regenerating liver. Thus, Bollum et al.SS;) have
found the synthesis of the enzymes DNA polymerase
and thymidine kinase to be inhibited by radiation doses
of 375-1,500 r if irradiation is given 6 hours after partial
hepatectomy. The same doses, given sixteen hours after
the operation, are ineffective. Other authors have also
found that polymerase synthesis is inhibited by irradia
tion in the first phase of the regeneration process.3B7, 3B8

156. Relatively low doses of radiation can postpone
the onset of DNA synthesis in various types of cells.



It seems reasonable to assume that inhibition of enzyme
synthesis is at least one cause of this delay.

157. Ionizing radiation also reduces the synthesis of
enzymes in micro-organisms. PaulyBBO. h3:s .~eported a
37 per cent dose of 7 X 104 r for ~le 1Dhlblt~on of the
induction of lysine decarboxylase m Bacterium cadc
ueris. Radio-sensitivity was the same for the rate of
synthesis and the maximum lev:el of enzyme formed.
This finding leads to the conclusion that every cell pos
sesses one or more "centres of synthesis", each produc
ing a definite number of enzyme mole~ules. 'rhese
synthetic centres would be destroyed accordul;g to s~ngl~
hit kinetics. The induction of catalase by O2 111 a diploid
mutant of S. cereuisiae, however, is stimulated by a
radiation dose of 105 r. This stimulation may be due to
the production of peroxides in the cell, as suggested by
Chantrenne and Devreux.P? Using serological techniques
and also various tagged amino-acids in newly sYll;thetized
proteins of individual organelles of cells, Ilina and
Petrov891, 892 showed that qualitatively altered proteins
are formed after irradiation.

EFFECTS OF RADIATION ON ANTIBODY SYNTHESIS

158. Inhibition of antibody formation is a special
case in the formation of specific proteins, and appears
to be highly radio-sensitive. It involves the formation of
a specific protein complementary in structure to the
inductor antigen. The normal processes of antibody
formation are only just beginning to be understood, and
a generalized theory has still to emerge from several
contradictory hypotheses. Antibodies are formed in the
plasma cells of lymphoid tissues which themselves orig
inate from undifferentiated cells of the reticular system.
The mechanism of radiation inhibition of antibody for
mation, recently reviewed.s'": 894 thus must account for:

(a) The effect of radiation on the multiplication and
differentiation of these reticular cells and their de
scendants;

(b) The process of antibody synthesis, which prob
ably occurs in the microsomes of plasma cells.

159. One of the characteristics of radiation is its
greater efficiencyin inhibiting antibody production when
administered prior to the antigen. The final titer of
antibody is lowered only if irradiation occurs some hours
before antigen injection. In this case, and also when
irradiation takes place immediately before or after anti
gen injection, the latent period before the titer begins
to rise is increased and the rate of synthesis decreased.
Taliaferros'" has distinguished a highly radio-sensitive
(effects become detectable on the final titer for doses of
100 r) pre-induction period but this is not well defined
in cytological or biochemical terms. The cause of this
inhibition could be twofold:

(a) Decreased production of plasma cells from their
"reticular ancestors", or from other types of cells also
involved in the process;

(b) Delay and inhibition of the synthesis of new
protein when antigen is injected.

160. Stevensv" has shown a correlation between de
pression of the number of plasma cells formed after
irradiation and inhibition of antibody synthesis. Further
more, experiments by Taliaferro suggest that antibody
formation depends on cell multiplication in irradiated
animals; this does not exclude the possibility that specific
effects on the induction of synthesis of new proteins
are also involved. The antibody-producing period ap-
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pears to be more resistant to radi.at~on. ~pparent~y, an~
bodies formed when the system IS irradiated dUring this
period do not differ fundamentally. fr.om norr;.t?-l. anti
bodies. Studies of the degree of radiation sensitiVIty of
the secondary response to antigen injection have yi~ded
conflicting results; there have been several explanations,
each of which might be acceptable for the particular
antigen studied.898,894

GENERAL CONSIDERATIONS OF RADIATION EFFECTS
IN CELLULAR METABOLIS~I

161. The importance of radiation effects that are
closely linked with cell division and replication, and
which include mitotic inhibition, loss of reproductive
power and mutat~ons, has been stressed It would be
attractive to descnbe these changes within the frame of
a unitarian mechanism, although such a treatment would
be arbitrary. At least two key effects indicate a dis
turbance in the genetic properties of the cell.807 One of
these is the production of mutations. The other is that
delayed effect on cell division in which cells multiply
immediately after irradiation but nevertheless fail to
form macroscopic colonies.

162. The failure of cells to divide even once when
given higher radiation doses is also probably due to
damage of genetic material. The inhibition of mitosis
might be explained similarly, although here the implica
tion that genetic material may be directly involved is less
obvious. Much may be said for the concept that the main
radiation effects are at some stage mediated through
DNA; this explains why emphasis is laid upon the
metabolism of DNA. DNA synthesis has been used in a
restricted sense throughout this report to indicate the
stage where precursors are assembled into polynucleo
tides. Subsequent stages may include many more bio
chemical reactions before the full-fledged DNA-protein
molecule is formed and incorporated into daughter
chromosomes. These late stages of DNA metabolism
presumably take place in late interphase and in prophase.

163. There is some evidence, at least with radiation
induced mitotic delay, that the G2 stage and early pro
phase may be the most radio-sensitive stages in the mi
totic cycle of many cells.8os Painter's work,SlS mentioned
earlier, may also be interpreted in this way. The depend
ence of radio-sensitivity on division stage may not always
prevail in somatic cells of higher organisms ;809 survival
curves of somatic mammalian cells usually show no evi
dence of resistant fractions.v" Because of considerable
radio-sensitivity during the G2 period, metabolic proc
esses during this period are important. Unfortunately.
biochemical knowledge of G2 and subsequent mitotic
stages is still extremely scanty. Therefore it is not yet
possible to describe the effect of radiation at a molecular
level on these phases.

164. In cells of higher oragnisms two patterns of
synthesis of DNA probably occur. In tissue cultures
and ascites tumour cells, DNA synthesis continues more
or less unhampered if irradiation OCcurs during ClII_V
period of the division cycle, at least when doses are not
excessive; in cells of bone marrow, plant root tips and
regenerating liver, DNA synthesis may be delayed when
lower doses of radiation are delivered before synthesis
has begun, This latter effect is probably due to inhibition
of the formation of necessary enzymes as a result oi
interference with RNA synthesis. No inhibition, and
sometimes even acceleration occurs in either pattern
when all ingredients are available for synthesis. Mitotic
inhibition interferes eventually because a feed-back



homeostatic mechanism precludes, or at least inhibits,
DNA synthesis beyond the premitotic level.

165. This concept has been confirmed by Lajtha et
al. 8

J.0 and by Berry et al ;40J. they found that dose-effect
curves for inhibition of DNA synthesis in bone marrow
cells differ from those in ascites tumour cells. For bone
marrow cells the curve has two exponentials, a "sensi
tive" one and an "unsensitive" one, characterized by 37
per cent doses of 500 and 1,300 r respectively. The
curve for ascites cells lacks the sensitive component.
Drd and Stocken':" have, from similar curves for thymus
tissue, suggested that the sensitive component may repre
sent the inhibition of nuclear phosphorylation described
by Creasey and Stocken.t'" This inhibition would lead
to a shortage of DNA precursors. However, there is no
evidence for such a shortage; Ord and Stockenw- re
p~rted an accumuh:tion. o~ deoxyriboside mono- a?d
t.r'iphosphates after irradiation of the thymus. The Sig
nificance and reproducibility of the inhibition of nuclear
phosphorylation seems doubtful.

166. Both cell types also differ in ploidy; tissue-culture
and ascites tumour cells are usually aneuploid. The prob
lem of the relationship between ploidy and radio-sensi
tivity is complex (para. 182) but it is not impossible that
the high resistance of these cells may be a consequence
of the aneuploidy. This suggests that DNA itself is the
primary target. The work o! Opara-~u~inska et al.4~5

~nd many studies on bactenophages l~dlcate .t~at this
IS probably so, at least for transforming activity and
su rvival in micro-organisms.

167. The "primer" function of DNA in RNA syn
thesis by the RNA polymerase enzyme means that t~e
explanation given for the delay of DNA synthesis,
namely interference with RNA metabolism, is at least
not incompatible with a primary radiation lesion in DNA
itself (in this case, the primer) (para. 155). This does
not exclude the possibility that effects on DNA-RNA
protein metabolism, even when mediated through DNA,
rrlay not result secondarily from quite another primary
radiation lesion, e.g. lesions on larger subcellular struc
tures, proteins, membranes, lipoids.

EFFECTS OF RADIATION ON INTEGRATED FUNCTIONS

168. When irradiated in comparable conditions, d!f
ferent cellular populations react in similar patte~s. With
increasing doses, effects often become expen~entally
rneasurable in the following ~rder: modifications of
growth rate, mitotic delay, inhibition of mitosis, delayed
or reproductive death and interphase death.

Growth rate
169. Under chronic irradiation, the total mass of cell

cultures first increases and then decreases. 4 06-40B The
initial increase of the total cell mass of the culture ac
companies the emergence of giant cells, !he vol~~ ~d
usually the ploidy of which increase without dlvlsl~n.

This phenomenon has been observed among bactena,
yeasts and mammalian cells, and seems therefor~ to be
fairly general. As dose accumulates, the total weight of
the culture diminishes and becomes lower than that of
controls. In general, radiation reduces growth :ate and
increases generation time; however, under certain meta
bolic conditions the generation time can be shorter than
• '. di . di t' d 409 410rrr control cultures once rrra iation is iscon mue. '.
Interference with growth rate has also been detected 111
isolated cells. In Phycomyces blaliesleeanus, Forss
berg-4J.J. has shown a lowering of the growth rate of
sporangiophores with extremely low doses of ,...., 0.001 r.
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Mitotic delay

170. When a cell has been irradiated before prophase,
division is delayed. This delay can be modified by dose
rate412 and by oxygen concentration; this may mean that
metabolic processes are involved.?" The most infor
mative experiments have been those of Carlson and
Gauldenv- with neuroblasts of grasshoppers' embryos.
During mitosis there is a critical stage coinciding with
the condensation of chromosomes into visible filaments
and with the disappearance of the nuclear membrane and
nucleolus. If a dose as low as 1 r is given to a cell before
that critical stage, development of mitosis is delayed.
However, this delay does not occur when the same or
an even slightly higher dose is given later. In this latter
case subsequent mitoses are delayed. More recent ex
periments have shown that the critical stage may be
somewhat earlier in the mitotic cycle, i.e., in mid
prophase. Gaulden irradiated one of the two nucleoli
of neuroblasts with a UV-microbeam and concluded that
all cellstreated at stages from late telophase to the middle
of mid-prophase immediately show a permanent cessa
tion of mitotic progress. This picture of mitotic delay
looks slightly different when other types of cells are
studied. In particular, the critical sensitive period and
the duration of the various phases of mitosis may differ
in different types of cells. In consequence, precise com
parisons are difficul t.

171. The main characteristic of mitotic delay is its
temporary nature. Although the mechanism of mitotic
delay is still far from being understood, some attempts
have been made to explain it. Since DNA metabolism
is known to be affected by radiation, it is tempting to
attribute mitotic delay to inhibition of DNA synthesis.v"
This explanation is speculative, and it may well b.e that
reduction in DNA synthesis, when observed, is the
consequence rather than the cause of mitotic delay.. In
particular, the radio-sensitive period for prodl~cm.g

mitotic delay usually occurs when DNA synthesl~ 1S

already complete. In some. in~ta~c~s., DNA metabol~s~
is apparently normal despite inhibition .of .cellular divi
sion e.g, in irradiated mammalian cells m tissue culture.
Thi~ suggests that delay in division n:ay be a cons~quence
of injury to an unknown mechan.lsm controlling the
onset of division.v" and that there 1S no direct involve
ment of DNA synthesis, Yamada and Puck sh~wed that
a reversible mitotic lag is produced by.a block 111 !he G2
period after X-ray doses of 34-135 r m hyperploid S 3
HeLa cells.m They proposed that this reversible mitotic
lag, like irreversible reproductive de~tll! is due to chro
mosomal damage, and that the reversible .lag?1ay reflect
interference with chromosomal condensation Just before,
and perhaps in, the early stages of .mitosis. Other
hypotheses have also been. advanced: interference of
radiation with oxydo-redu~t1?r; of sulphydry~co:n,p?unds
produced during cellular division,m,m and inhibition of
the division mechanism of the cytoplasmv" or of the
formation of the spindle.r'" Production of anti
metabolites may be responsible, as suggested by
Kuzin 206,421-424 who used plant material from which 11e
was able to demonstrate antimitotic quinones.

INHIBITION OF MITOSIS AND CELLULAR DEATH:
REPRODUCTIVE AND INTERPHASE DEATH*

172. With increased doses, cellular death usually oc
curs. Cells can be killed either immediately (interphase

*Under doses higher than 100,000 rad, instantaneous death is
observed, due mainly to protein coagulation.



death) or after a few divisions (delayed or reproductive
death). In general, the doses required to achieve inter
phase death are higher, although there are cells which
undergo interphase death even if irradiated by relatively
small doses, e.g. small lymphocytes, primary oocytes in
insects and mammals, mammalian neuroblasts, insect
ganglia cells. Reproductive death occurs in bone-marrow,
intestinal crypt cells, lymphomas and spermatogonia.t'"
It should be noted that the latter group consists of cells
with a high mitotic index; with these, interphase death
would probably require a higher dose.

173. The processes leading to reproductive or to inter
phase death are still unknown; it is likely that more
than one mechanism is involved. In delayed death, chro
mosome breaks and mutations have been invoked as
possible mechanisms. The mechanisms resulting in cellu
lar death may be better understood when the role of
repair processes in irradiated cells have been studied,
since the ultimate expression of a radiation effect depends
not only on initial injury but also on the ability of the
cell to repair the injury.v" Most chromosome breaks
rejoin; metabolic and synthetic processes take part in
healing,426 energy from ATP being required.42T,428
Recent experiments by Elkind and Sutton-" have made
it clear that repair operates in mammalian cells and in
fluences the ultimate expression of late effects.

174. A clear distinction should be made between bio
chemical processes leading to delayed death and those
leadi~g to interphase deatl~. In the .fonner, synthesis of
nucleic acids and proteins continues.s-" Radiation
induced interphase death is sudden and marked by an
arrest of metabolic processes in cells with very wide
differences in metabolic behaviour, e.g. cells which are
no~. dividing (lymphocytes), cells dividing infrequently
( oo~ytes), and cells continually dividing (B sperrnato
gonia) .

175. The biochemical causes of interphase death are
not understood, but it is possible that Creasey and
Stocken's work403 on nuclear phosphorylation provides
a ~rst clue. Their data indic~te tha~ nuclear phosphory
Iation 1S an extremely radio-sensitive process and is
rapidly ~nhibited. As yet, this process has been detected
m nuclei of so-called radio-sensitive tissues only; it has,
therefore, been suggested that cells dependent upon this
source of energy are those which undergo interphase
death at small doses. Creasey and Stocken remark how
eve:, tha~ failure to show nuclear phosphorylation in
radio-resistant cells may be due to an increased activity
of degradative enzymes rather than to absence of this
metabolic process.

176. Nuclear phosphorylation could also be involved
in reproductive death i.f the ene~gy necessary to heal
chromoson;es was pr.ov1ded by.thls phosphorylation. A
role of mitochrondrial oxydative phosphorylations in
interphase and reproductive death cannot be excluded.
~-irradiation in vivo, in fact, damages mitochondria in
liver c~lls430-432 even at doses as low as 25 r. Mito
chondnal oxydative phosphorylation in plants is immedi
ately and gr~atly reduced after a single dose of 3,000 r,
the effect being more pronounced when cells are irradi
ated in vivo than in vitro.4 3B Similar effects are also seen
in microbial cells.4B4

. 177. ~t is difficult to draw a coherent picture of the
blOc~em1cal baSIS of cellular death at this time. The
poss1b~e role of nucleic acids and protein synthesis has
been discussed, but much more extensive information is
needed on the cytological alterations of sub-cellular

structures produced immediately after irradiation. Nor
can other biochemical processes affecting permeability,u!,
436 the maintenance of ionic balance 4S7,488 or the disrup
tion of nuclear and cytoplasmic mernbranes."" be ignored
as factors in the mechanism of cellular death.

VD. Biological variables influencing
radiation response

CONCEPT OF RADIO-SENSITIVITY

178. Various criteria, e.g. death of cells, inhibition 01
mitosis, impairment of biochemical and physiological
functions, are currently used to determine radio-sensi
tivity. However, when radio-sensitivities of different
types of living organisms are compared, survival after
irradiation is usually chosen as the parameter. The selec
tive action of radiation on different parts of the cell and
the relations between differentiation, mitotic activity, and
radio-sensitivity were described within a decade of the
discovery of X-rays. In 1906, Bergonie and Triben·
deau440 formulated the principle that cells in active
proliferation are more sensitive to irradiation than non
proliferating cells, and that radio-sensitivity varies in
versely with degree of differentiation. Radio-sensitivity
depends on various factors, physical (e.g. temperature),
chemical (e.g. oxygen tension, hydration), biological
(e.g. ploidy, phase in the division cycle in which the cell
is irradiated). Radio-sensitivity further depends on the
metabolic state of the cell.

VARIATIONS IN RADIO-SENSITIVITY WITH STAGE
OF DIVISION

179. The different phases of mitotic and meiotic dhi
sions have different sensitivities to radiation. Attempts
hav.e been mad~ to link these variations in sensitivity to
various phases 111the formation 0 f new chromosomes and
to the synthesis of nucleic acids during division.

180. Cell survival, gene mutation frequency, and fre
quency of c~romosomal aberrations all respond differ
ently according to when the cell is irradiated. It is diffi·
cult t? define the most critical moment as it may vary
for different cell types and for different Iesions.4]S,~'1

Mos.t experimental efforts to clarify this issue have bees
carried out on germ cells, in particular on both fertilized
and un fertilized eggs or several organisms. The end·
effects mo~t frequently used as criteria of damage are
~lther survival, or frequency of chromosomal alteratiom
in these cells. It is widely held that variation in sensitivits
~uring division is a general phenomenon and is presem
m all cells, whatever lesion is taken as the end-point ol
irradiation.

1~1: .Nevertheless, some recent results suggest tha:
sensrtivity of mammalian tissue culture cells to the lethal
~ffect. of radiation is independent of the division stage
m which the cells are exposed. Survival curves3DT,400,U\.
443 obtained with mammalian somatic cells both ilt vit'o
a~1d in vitro have failed to show the existence of a re
sistant fractio? i~ cell populations despite the existence
of heter?genelty m s.tage of division. However, experi
ments with synchronized cultures of HeLa cells have re
v~a~e.d s~5me fluctuations in sensitivity during mitotic
diV1~1?n: Cellular morphology does not affect radio
s~ns1tlVlty of these ce,us app~eciably since the LD:n 01
different cellular strains (ep1theliod, fibroblastic, etc.)
ranges between 75-166 r only.
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VARIATION OF RADIO-SENSITIVITY WITH PLOIDY

182. Ploidy is one of the biological factors affecting
cellular radio-sensitivity at the level of the primary
radiation injury. The shape of yeast survival curves de
pends on the ploidy of the strain. Latarjet and Ephrussi-"
showed that survival of haploid strains exposed to X-rays
follows a one-hit curve whereas that of diploid cells
follows a two-hit curve. These authors, and subsequently
Tobias,~'propounded the hypothesis that inactivation of
a haploid cell is caused by a single recessive mutation
whereas to inactivate diploid cells two homologous sites
must be injured.

183. Extending such studies to higher polyploids,
Mortimer found that radio-resistance reaches a maxi
mum for diploid strains and then diminishes with in
creasing ploidy." Mortimer's results have been confirmed
by Magni,H5 but these authors interpret their findings
differently. According to Mortimer, haploid strains are
mainly inactivated through lethal recessive mutations,
whereas with strains of higher ploidy dominant lethal
mutations are chiefly responsible for the inactivation.
Both types of mutations would be produced in haploid
and polyploid strains, the problem being to evaluate
quantitative relationships of the two types. Magni sug
gests that, in addition to recessive and dominant muta
tions, non-genetic injury accounts for a sizeable fraction
of radiation lethality.

184. In some other systems a positive correlation be
tween increasing ploidy and radio-resistance has been
seen. Sparrow et al ...•6•

04 7 found that, on the average,
doubling of chromosome number in plants increased
radio-resistance by a factor of 1.67. Analogous results
were obtained with polyploid cereal seedsm and with
hyperploid tissue culture cells:~'1l-461 In contrast, Tillm

found identical dose-effect curves for cell lines with
different chromosome numbers and Rhynas and New
combe·68 have described radiation-resistant cell lines of
the L strain with a lower number of chromosomes than
the radio-sensitive line. Of interest in a consideration
of the influence of polyploidy is the inverse relation
between nuclear volume and radio-sensitivity in 23
diploid species of plants.v'" The role of ploidy in cellular
radio-sensitivity becomes more complex when stage of
development is considered. Clark'64 showed that, in
H abrobacon, diploid female embryos are more sensitive
to irradiation than haploid males during the cleavage
stage, whereas during larval and pupae stages haploid
males are more radio-sensitive. Tul'tsevav" and Astaurov
have found that, during certain stages of development,
radio-resistance increases with increasing ploidy in
B ombyx mori but that tetraploids are more sensitive than
diploids at the end of the larval stage.

GENETIC CONTROL OF RADIO-SENSITIVITY IN BACTERIA

185. A number of mutations causing differences in
radio-sensitivity in E. coli are known. The increased
resistance of strain Blr results from a single mutational
step in its parental strain B.l1' Later, Hill discovered and
investigated a more radio-sensitive strain, B/s. This
strain also differs from strain B by only a single muta
tional step:'56,467 A stable strain containing about three
times as much protein, RNA, and DNA per cell, isolated
by Ogg and Zelle458 after camphor treatments of strain
Blr, was about 2.5 times more radio-resistant to ionizing
radiations and in addition had a sigmoidal survival curve
rather than the exponential survival curve typical of
strain B/r. This radiation resistance segregated in a
fashion similar to any unse1ected marker in genetic
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recombination tests. m Adler and Copeland''"? have pro
duced evidence which indicates that radio-sensitivity in
E. coli K 12 is influenced by at least 4 genes. The ap
proximate locations of the four genes have been deter
mined in genetic recombination tests. In E. coli B,
Rousch et al.4 61 have recently found mutations at two
different loci which have a cumulative effect in increas
ing radio-sensitivity. They too have determined the ap
proximate location of these genes in the genetic map by
recombination tests. Furthermore, comparative biochem
'ical studies of these two independent mutations show
that one leads to loss of the tendency to form filaments,
the other to a strong inhibition of growth and of nucleic
acid and protein synthesis after radiation or other treat
ment. Such comparative studies of mutant strains which
differ genetically in response, seem especially promising
in elucidating the physiological basis of radiation sensi
tivity and resistance.

VllI. Primary genetic effects of radiation

186. The tremendous headway in the last decade in
the analysis of genetic function and genetic material has
led to a clearer view of the need for a more full under
standing of the mechanisms of radiation mutagenesis.
Some problems are related to the already-mentioned
macromolecular chromosome structure, others are re
lated more particularly to the function and structure of
the genes. Since Muller's discovery in 1927 that radia
tions are mutagenic, much work has been accomplished,
but no complete answer to the mechanisms of radio
genetics has been given. It has been clear from the begin
ning that genetic effects include visible chromosomal
aberrations, On the other hand, many mutations do not
involve any abnormalities at the level of the light micro
scope, and it has become practical to divide radiation
genetics into the studies of point mutation and of chro
mosome damage.

THE GENETIC MATERIAL

187. While one of the most important advances in
genetics came from the studies of Morgan, who dis
covered the linear arrangement of genes along the
chromosomes from investigations on Drosophila, the
most important hypothesis advanced in recent years,
derived from work on micro-organisms and viruses, is
that of the linear arrangement of genes along the DNA
double helix.* Recombination studies in bacteriophages,
bacteria, and moulds, in combination with the demonstra
tion that the genetic information is effectively carried
in the DNA (or in some cases in the RNA), give con
vincing evidence.v" Furthermore, the existence of
viruses containing single-stranded DNA464 or of viruses,
whose information is coded in single-stranded RNA
molecules, indicates that only one of the two strands of
a DNA or RNA molecule may carry genetic information.
On the other hand, it has also become clearer in recent
years that DNA replication probably concerns double
stranded DNA. Even in the one-stranded cf> X-174 virus,
there seems to be a double-stranded stage during repli
cation.r'" although priming of DNA synthesis in vitro
is much more efficient if the double-stranded molecule
has previously been "melted" to single-stranded units. 30o

188. Hypotheses concerning the structural integration
of DNA chains into chromosomes must take into account
the existing basic proteins and ribonucleic acids which

*For a review of the subject, see references 462 and 463.



are beginning to be thought of as factors stabilizing,
regulating or repressing the genetic units. 872, 466 These
more refined concepts, fairly well established for micro
organisms, will have to be extended to more complex
metazoan cells.

189. A big bar to understanding genetic processes in
higher organisms is ignorance of chromosome organiza
tion at the molecular level. Although the chromosomes
from thymus are 90 per cent nucleohistone, plus non
histone protein, RNA and phospholipids.r'" it is not
known how these are made up into the chromosome
structure seen under the microscope. Electron micro
scope studies have repeatedly shown strands of 200 A
diameter.v" but nucleohistone strands are ten times nar
rower. Urea and versene can dissociate chromosome
fibrils or nuc1eohistones; this indicates the importance of
hydrogen bonds and of metal ions (Ca'" and Mgr") in
holding structures together.?" The fact that the U V
action spectrum for chromosome aberration'?" is similar
to that of nucleic acid indicates that nucleic acid may
well play a major role in forming the backbone of the
chromosome. That this might well be DNA is supported
by the fact that lampbrush chromosomes can be broken
in vitro by deoxyribonuclease but not by ribonucleases
or proteases.v- On the other hand, Cat" and Mgr' defi
ciency is known to induce chromosome breaks and re
arrangements in plants"? and other organisms, which
indicates that these metal ions may play a role in chromo
some integrity.

POINT MUTATION

190. The definition of the mutagenic event deserves
special attention because of the analysis of the genetics
of bacteriophage by Benzer.v" The size of the genetic
material (DNA) depends on the test used to study the
mutations. According to the genetic test used Benzer
distinguishes three units: '

(a) The cistron or unit of gene function is what is
being studied when phenotypic changes are observed.
. (b) TI:e muto~ or unit of mutation is the sequence
ill nucleotides which has to be altered for a mutation to
occur. Benzer has calculated that a muton could consist
of no more ~han a sequence of 4-5 nucleotide pairs in
the r II region of phage T4. As the same phenotypic
change (loss of an active enzyme, for instance) may be
the result of the alteration of many loci, the size of the
cistron is difficult to determine precisely but it is much
larger, probably of the order of several hundred nucleo
tide pairs.

(c) The recon-or unit of recombination-is what is
assayed when recombination tests are made. One altered
rnuton can be made to recover through recombination,
as the result of the replacement of one or two nucleotide
pairs which constitute the recon.

191. At present there is no reason to believe that
mutation proces~es in.complex organisms are very differ
ent f:om tho~e ID mlcro:or~anisms; it is becoming in
creasmgly evident that similar concepts will eventually
be applied. ~t has been demonstrated that the mutation
leading to SIckle cell anaemia in humans results from
the su~stitution of only. one amino acid by another in
one J?alr of the four peptide chains of the normal haemo
globin molecule; the 2A chains each have one of their
glu~ami.c acid residues substituted by a valine residue.v
ThIS minute error m the protein is likely to be the result
of a corresponding error in the DNA code.

192. Studies are being conducted on the amino acid
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sequence of specific bacterial or bacteriophage proteins
like ,B-galactosidase and alkaline phosphatase; it is hoped
that correlations between alterations of DNA obtained
by mutagenic agents and protein sequences will throw
some light on the problems of genetic coding. The error
in DNA, then, would be replicated in a minutely altered
"messenger"-RNA carrying specific genetic informa
tion to ribosomes assembling activated amino acids in a
specific sequence.P?' 474 This very much oversimplified
picture of the mechanism of phenotypic expression en
ables one, however, to understand present concepts of
mutagenesis and abnormal phenotypic expression.

RADIATION-INDUCED MUTAGENIC EFFECTS

193. Damage to DNA of cells by radiation cannot be
so controlled that mutations can be obtained independ
ently of lethal events. Although all lethal effects of radi
ation should not be attributed exclusively to effects on
DNA, any alteration of DNA is liable to cause death
or mutation of the particular cell. So far, the damage
caused in vivo by ionizing radiation is not precisely
known; the absence of damage to purines and pyrimidine
in nuc1eohistones irradiated in uitro'"' proves clearly
that effects found in nucleotides or pure DNA cannot
be extended to the same material in vivo. There are
indications that DNA from irradiated bacteria has a
slightly lower "melting point", suggesting that H-bonds
have been weakened. Different elution patterns of DNA
from irradiated thymus cells have been obtainedr"!
these indicate some change in DNA structure or molecu
lar size. Finally the sequence of a certain number of
sh.ort nucleotide chains may be changed.v" UV irradi
ation of bacteria appears to lead to the dimerization of
some of the pyrimidines, but other reactions, such as
~ydl'ation of pyrimidines, are also probable. More work
IS needed to follow the new leads given by recent ad
vances in radiation and photochemistry.P: 473, 479

194. DNA could also be altered as result of uptake
through norm~l ~etabolicprocesses, of an X-ray-altered
prec';1rsor; this IS to be expected from work demon
strating the mutagenic activity of certain purine or
pyrimidine analogues. On the other hand, Doudney and
Ha~s have postulated that UV alteration of purine and
pyrimidine precursors RNA might lead to mutations
after having been incorporated into an abnormal RNA.4~

OXYGEN EFFECT

195. Mutation to streptomycin independence, investi
gated by Andersonv" is not influenced by changes ill
oxygen tension, whereas other mutations in the same
bC1;cterial ?tr~it; depend on oxygen tension during irradi
ation by 101llZ111g radiation.481-48 8

1?6: Another important point needs clarification. Does
rad.tatlOn induce mutation by affecting DNA directly
or IS the DN.t:\- altered as a result of secondary action?
When D~A 111 t~8~ ~o~m o~ tran~forming principle.t"
or bacteriophage, IS Irradiated tn vitro under condi
ti~n? where indir~ct effects are presumably reduced to a
mmimum, there IS no oxygen effect, In bacteriophage,
DNA appears to be more sensitive to reducing than to
oxydi~ing .radicals. This indicates that X-rays do not
ac~ primarily <?n DNA, but that in certain circumstances
t~l1S molecule IS altere? as the result of secondary reac
tion. H.owever, .Hutchmson showed that inactivation of
DNA m solution becomes oxygen dependent in the
presence of cystein.v"



CHEMICALLY-INDUCED MUTAGENESIS

197. Important progress-has come from the study of
the effect of several chemical mutagens on DN A OrRNA
and their correlation with lethal and mutagenic activities
in viruses and micro-organisms. Both purine or pyrimi
dine are known. to be cl:e~ically changed by a variety
of mutagens. Nitrous acid is able to remove the amino
group of adenine, guanine, and cytosine ;487 formalde
hyde can hydroxymethylate amino groups, but its muta
genic activity in Drosophila depends on the presence of
adenylic acid in the medium which, after alteration
could become incorporated into DNA,488 Alkylating
agents appear>" to react in many cases with the N-7 of
guanine; this could become unstable and be removed
from the pNA chain. Glyoxal derivatives appear to
affect guamne. Hydroxylaminev" appears to react chiefly
with cytosine i hydrazine, to remove pyrimidine; a low
pH treatment.v" to remove purine. Acridines, like pro
flavines, are mutagenic; their action is believed to result
from fixation of this reagent between two adjacent base
pairs, thus increasing their separation. A comparison of
the mutagenic effects of these chemicals with that of
radiation could be of great value. The linear dose re
sponse curves found in several cases of chemical muta
genesis indicate that, as for most radiation-induced
mutations, the process involves a single event. In this
case the alteration involves a single nitrogen base in one
DNA molecule.

UPTAKE OF ABNORMAL PRECURSORS

198. A number of base analogues have also been
found to be either lethal or mutagenic. Bromouracil (or
bromodeoxyuridine) once incorporated into bacterio
phage,492-494 bacteria, and mammalian cells496,4YO can
produce mutations and lead to increased sensitivity to
X or UV radiation.405,493,497

~99. 2-amino purine, another mutagen, is believed to
be incorporated or to permit the uptake of another base
(perhaps adenine) instead of guanine.498
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COMPARISON BETWEEN VARIOUS MUTAGENIC AGENTS

200. When the frequencies of spontaneous and cherni
~al1y-induced mutations in bacteriophage T4 are studied,
It appears that some regions of the genome mutate much
rnore frequently than others; the same region does not
necessarily mutate with comparable frequency after
tre~tn1entwith various mutagens!62-601 Proflavine seems
to induce a pattern of mutations which differs from that
produced by base analogues; the patterns produced by
b~se analogues show some differences when compared
with the pattern of spontaneous mutations. One must,
therefore, suspect the existence of several classes of
mutagens; of these, the base analogue class induces a
mutatio~ p.attern similar to those produced by fivebromo
deo~yundme and the proflavine class. Close study of
specific chemical mutagens, and their comparison with
spontaneous and radiation-induced mutations, will no
doubt bring much light on the molecular basis of muta
genesis.

BIOCHEMICAL ASPECTS OF MUTATION PROCESSES

201. From work on mutagenesis of various analogues
a.nd DV radiation, it appears very probable that muta
tron becomes fixed during DNA replication. Examples
of bromouracil-induced mutations are pertinent to this
hypothesis.v" If, as postulated by Freese.s'" mutation
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can result from replacement of one base pair (A-T) by
another (G-C) (or vice-versa), then a mistake would
appear in the DNA chain.

202. In the mutagenic action of bromodeoxyuridine on
T 4 phage, the analogue might take the place of 5-hydroxy
methylcytosine and pair with guanine-(error in pairing) ;
this would lead to the replacement of a guanine-S
hydroxymethy1cytosine (G-H) pair by an adenine
thymine pair after three DNA replications. Alternatively
the bromouracil moiety of the analogue might replace
thymine during the first replication (error in replica
tion) and pair with guanine at the next. This would lead
to the replacement of A-T by G-H after the third repli
cation.?" Effectively, mutants appear in a culture after
the third DNA replication. 2-amino purine could also
lead to the replacement of G-C by A-T, and would, like
bromodeoxyuridine, on the basis of this hypothesis, be a
good agent for back mutating a mutation due to bro
mouracil incorporation; examplesof chemically-induced
mutation and back mutation, interpretable in these terms,
are now becoming known.

203. However, it is not at all certain that the reversion
of a mutation to wild type is necessarilythe exact reversal
of the forward mutation, and different base pairs might
conceivably be involved in the forward and reverse
process as postulated by Brenner, Barnett, Crick and
Orgel.50S It is very possible that the hypothesis of Freese
is an oversimplification of the facts. A mutation and
back mutation with proflavine might result from addition
or deletion of a base-pair; this might lead to a much
more substantial alteration of the protein, such as a
break or an alteration of sequence in the polypeptide
chain. With radiation, it is difficult at present to make
any hypothesis, but the conceptsof chemical mutagenesis
will certainly have to be consideredin radio-biology when
radiation-induced chemical changes in DNA are better
known.

204. It had been known for a few years504 that the
frequency of mutants in bacteria increases with cell
division. More recently, Witkin has shown that if pro
tein synthesis is inhibited by amino acid starvation or by
chloramphenicol, a lower frequency of bacterial mutants
is obtained.F":500 This suggests that irradiation produces
pre-mutational damage which can eventually be lost, or
which can become fixed as a result of protein synthesis.
In a study of lethal mutations in Paramecium, Kimballv"
has shown that loss of premutational damage is probably
due to metabolic repair of localized chromosomal lesions.
Lieb has recently shown!" that when DNA synthesis is
retarded by treating the cells with chloramphenicol, the
increase in mutants, observed when growth is continued
after the chloramphenicol "challenge", parallels the in
crease in DNA; this strongly suggests that the terminal
event in this mutational process is DNA synthesis. Much
has still to be learned about induced mutagenesis. The
role of RNA suggested by Doudney and Haasr" is not
yet clear. However, one important fact emerges : it is
possible to inhibit to some extent mutation fixation in
micro-organisms by delaying protein or DNA synthesis.

MUTATION EXPRESSION

205. The biochemical processes underlying the syn
thesis of cell constituents are becoming better known
each year. One of the major problems of present-day
biochemistry is the way specific enzymes necessary for
these synthetic processes become synthesized themselves.
Nlsmans'" has succeeded in synthesizing in vitro an



enzyme of E. coli, {3-gal~ctosid?se, in the presenc~ of
ribosomes of these bacteria, a mixture of the four .nbo
nucleoside triphosphates, and the DNA of ~ strain of
E. coli possessing the enzyme. The ~ynth~sls does not
occur with DNA extracted from an inducible but non:
induced strain of the same bacteria. Furthermore, Novelli
has shown 610 that this synthesis can be inhibited by X-or
DV-irradiation, and that restoration can be obtained by
adding the genetically competent DNA to the syst~m.
These experiments are pertinent to an understanding
of radiation-induced mutagenesis and, together with
those on chemical mutagenesis, are the first leads to an
analysis of mutation processes at the molecular level.
Treatment of the genetic material (RNA) .of Tobacco
mosaic virus with nitrous acid leads, after infection of
the plant, to the synthesis of viral protein with only three
abnormal amino acids. 511,512

206. The problem of mutation expression is therefore
one of information transfer from the DNA to the cellular
sites of specific synthesis, many of which are.cytoplasr:nic.
One major problem concerns the formation of ribo
somes; the way in which they receive their information
for specific protein synthesis is at present being exten
sively studied (para. 140).

CHROMOSOME BREAKS

207. Point mutations in higher organisms probably
result from processes similar to those described for
micro-organisms, but the complexity of the chromosomes
may complicate the process. On the other hand, chromo
some aberrations have been thoroughly analysed in vari
ous organisms and described at length in many valuable
reference papers. Ionizing radiations can induce break
age of chromosomes or chromatids followed by resti
tution or illegitimate reunions. This may lead to a variety
of aberrations 518 which are visible at the first division
after irradiation, or in some instances, only after very
many cell generations. However, these aberrations often
lead to unequal distribution of chromosomes between
daughter cells; these usually lead to cell death. Restitu
tion may be at the morphological level only, and a point
mutation, probably due to DNA damage may eventually
appear.

208. Similar chromosome damage may also occur
after DV irradiation,Ha but is less frequent than after
ionizing radiation, It may also occur as an effect of
alkylating agents512or after incorporation of CH_ or H8_
thymidine614.515 or of bromodeoxyuridiner" in cellular
DNA.

209. Studies of agents influencing chromosome dam
age have led Wolff51o to postulate the existence of two
types of chromosome breaks: some which rejoin rapidly
and which presumably involve linkages through metal
ions, and some which are influenced by post-irradiation
protein-synthesis and which are believed to involve
covalent links.

210. The relative role of direct and indirect mecha
nisms in chromosome breaka~e ~as been partially clari
fied by comparing the modifying effects of various
~he111icals wi~h ?amage due to chemically induced rad
icals and rad1abon.88,85 The effect of radiation in pro
ducing breaks is mainly direct; it certainly is so for dry
DNA. Evidence in favour of direct effect on DNA
in vivo is provided by experiments carried out with bone
marrow cells in vitro. fil7

FACTORS INFLUENCING THE PRODUCTION OF
CHROMOSOME BREAKS

211. The effect of oxygen on the occurrence of chro
mosome breaks produced by radiation is complex. On
the one hand, anoxia during irradiation r~duces the )?~()
duction of breaks·219 on the other hand, since the rejoin
ing of chromoso~e fragments is a pheno,?e?~n which
requires energy, the absence of oxygen d1m1ll1S~eS the
frequency of rejoining.t" Probably connected with tile
oxygen effect is the effect of ternperature.v" The number
of breaks increases with a decrease of temperature;
this is consistent with the fact that the tension, and there
fore the availability of oxygen, is reduced at lower tem
peratures.

212. Strictly mechanical agents such as centrifugation
and ultrasonics, when applied at the moment of irradia
tion, increase the amount of chromosome breakage.
When cells are irradiated with ultra-violets" or infra-red
rays either prior to or after exposure to ionizing radia
tion, the frequency of chromosome breaks is reduced in
the former case but is raised in the latter. Infra-red
irradiation seems to act through changes in metabolical
processes.620, 521

213. Biological factors also influence sensitivity tll .
chromosomal damage.522 Cells from different tissues
show different sensitivities.f'": 524 On the other hand, the
frequency of breaks per unit of radiation depends Oil

the stage of division during which cells are irradiated.!"
The highest frequencies are observed when cells are
irradiated during metaphase and anaphase.52o-m In the
meiotic process, the diplotene stage is most sensitive in
animals.P"

GENETIC EFFECTS OF INCORPORATED RADIO-ACTIVE
SUBSTANCES

214. Radio-isotopes introduced into organisms may
be incorporated into critical molecules. Although most
effects are due to ionization by the charged particle
emitted from the isotope, some may result from dis
turbance of the molecule by transmutation of the incor
porated atom. The new atom not only has different and,
in most instances, incompatible bonding characteristics,
but also, in transmutation, gives off recoil and excita
tional energy.

215. Ionization and excitation from the ionizing par
ticle are so large compared with the energy from trans
mutation that they usually outweigh the importance of
transmutation in radiation injury. However, certain
isotopes incorporated preferentially in vitally significant
molecules could, by transmutation, cause unique effects
not accomplished by ionization or excitation from a
charged particle. Accumulating evidence along with
theoretical considerations, indicates that t'ransmutation
should b~ considered as ~ factor in the toxicity of in
!ernal emitters. The atomic number of the radio-isotope,
1tS type of deca~, the particle emitted, and the energy
released, are obvlOu~ly important in gauging the signifi
cance of transmutation,

POSSIBILITY OF TRANSMUTATION EFFECT WITH CH

216. The disintegration by which CH exerts its bio-
logical effect is '

C~4 ~ N\4 + (3 + 0.155 MeV (1)
The mean energy of the {3-particles is 50 +- 5 keV . thus
the reaction gives rise to fast charged particles for which
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PROPERTffiS OF CERTAIN ISOTOPES RELEVANT TO TRANSMUTATION PROBLEMS

Cl' pd p.. S" HI

Half-life.................. 5,760 yrs. 14.3 cl 25.4 d 87.1 cl 12.5 yrs.
Max, ,a-energy (MeV) ...... 0.155 1.701 0.27 0.167 0.0176
Mean ,a-energy (MeV) ...... 0.050 0.71 0.093 0.055 0.006
Max, recoil energy (eV).... 6.9 77.3 6.0 3.0 3.2
Mean residual excitation

energy (eV)............. 44.5 60.3 60.3 61.7 24.5
Chemical change .......... C~~N p--s p--s S--+Cl H-~He

the RBE of the energy they release is probably 1. Most
of the energy of the reaction (1) passes via the kinetic
energy of the emitted ,8-particle into ionization and exci
tation of the surrounding material; a lesser part appears
at the site of the transmutation reaction itself.580Because
carbon is a part of every organic molecule in living sys
tems, transmutation 'may significantly affect key mole
cules, especially those of the genetic apparatus. Indeed,
Totter et al.631 have suggested that the mutational con
sequences of CH transmutations might be comparable in
magnitude to those from the associated ,8-particles. How
ever, according to Pauling,582 they are unlikely to amount
to more than about 10 per cent of the total.

217. Although it is certainly established that p82,
when incorporated into the genetic material of a variety
of organisms, produces biological effects by transmuta
tion (E. coli/Ol,583, 584, 588 bacteriophage, 586,581 Parame-
dum/S8 Drosophila 5

Sfl-5 41 ) , the data conceming CH
transmutation effects are less plentiful and less consis
tent. Apelgot and Latarjet, in tests with H8, pa2 and CH
labelled DNA in E. coli Blr found that, whereas the
lethal effect with H" was due largely to the emitted
beta-particle, transmutation was mainly responsible for
the effect with p82 and C14 •542 Kuzin et al.54a have re
ported that the efficiency of incorporated CH in produc
ing chromosome breakage in Vicia faba is 10-20 times
greater than that of external Co60 gamma radiation. By

220. Except for pS2, by far the largest part of the
energy locally released is the residual electronic excita
tion of the transmuted atom. This energy and its mag
nitude closely resemble the corresponding release in a
primary or secondary ionizing event by a fast charged
particle. The effects of this electronic disequilibrium are
therefore qualitatively indistinguishable, except for site,
from those of the emitted ionizing particles.

221. In pS2 decay, the large recoil energy is clearly
sufficient to remove the disintegrating atom from the
molecule in which it was previously bound, and to carry
it into a neighbouring molecule, together with its asso
ciated electronic energy.U5 The recoil energies of all of
other transmutation reactions summarized above are
much lower and are comparable to the relevant covalent
binding energies. Moreover, experimentally determined
chemical-binding energies are presumably lower than
the activation energies for reactions, even if reactions
take place by optimal paths in phase space; the isotropi
cally distributed but directional nature of recoil momen
tum is likely to make a substantial part of it useless in
respect of the optimal reaction path. Hence, even though
its chemical binding is simultaneously weakened by the
change in its chemical nature, it is doubtful whether,
in substances of biological interest, atoms undergoing
transmutation other than p82, effectively leave the mole
cule in which they were bound. An interesting possi
bility, with a transmuted atom that does not detach from
a macromolecule, is that conversion of the recoil momen-
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contrast, Williams and ScullyfiU failed to observe an
increased rate of somatic mutations in Antirrhinum
majus grown in a C1102 atmosphere as compared to
external gamma radiation. The work of McQuade and
Friedkins-" is especially interesting, for despite the fact
that no comparisons were attempted with external radia
tion controls, the frequency of chromosome breakage in
Allium cepa root tips was about twice as great when the
chromosomes were labelled with CH thymidine bearing
the (1" in the methyl group as was the frequency ob
served when the CH was in the 2' position.

LOCAL CONSEQUENCES OF TRANSMUTATION

218. Three processes may cause disturbances at or
very near the site of anuclear transformation in which
a fi-partic1e is emitted:

(a) Chemical changes; C~ N;
(b) Mechanical recoil of the nucleus which emits the

,B-particle;
(c) The production of residual electronic excitation

energy due to the non-correspondence of orbital elec
trons and nucleus following the transmution.v"

219. These and other features of transmutation reac
tions of especial biological interests are summarized
below.

tum to vibrational and other kinetric energy of sur
rounding atoms may suffice to break significant numbers
of important hydrogen bonds in these molecules.

222. The most interesting possibilities of 0" trans
mutation lie in the chemical change, C~ N; this may
leave a molecule altered rather than destroyed in func
tion, giving rise to a special class of subtle and viable
changes in the genetic system different from those in
duced by the more destructive ionization or excitation.
The significance of the possibility of such changes under
conditions of uniform contamination is discussed below.

IONIZATION DOSE PER TRANSMUTATION UNDER
UNIFORM CONTAMINATION

223. As will be shown below with uniform incorpora
tion, the practical limitation upon the effect of trans
mutation itself is likely to be dosimetric. Under such
conditions, for every transmutation of a C~4 a.to~ within
an important molecule, ,...., 5 X 10' eV of ionization and
excitation energy will also be liberated; this propor
tionality w:ill ~nly break down wh~n the.mol~cul.e under
consideration 1S part of a unit of dimension significantly
less than the mean range of the CH[:I-particle (,...., 30 po)
and isolated from other carbon-containing units by dis
tances significantly g~eat~r than .the range..If the e~
ciency of transmutation m causing a certain effect 1S

7JT, and th~t ~f t~e ionization-e::rcitation energy of c?n
ventional ionization (34 eV) IS 7J~, then the fraction



added to the ionization-excitation effect by transmuta
tion is only 6.8 X 10-4 "7T/"7£. This relation suggests at
once that, even for high T, CH transmutation can be
significant only when "7£ is very small,; unfortunately,
it is not of much quantitative worth, s~nce app rol;mate
values are not available. The only estimates available
for "7T are from p32 incorporated into DNA, v.;here
'YJT is probably 0.01 or lower,501, 5~6 although the effi<;:lency
with which the DNA molecule is broken may be m the
region of 0.1 for a double helix 547 and reach a value close
to unity for single-stranded DNA. 464,548 Fo; the destr?c
tion of infectivity of bacteriophage by pS2incorporation
in DNA, "7T and 7]£ values are available, and the ratio
'YJT/'T/£ is about 10.536,549

224. Mutation does not necessarily consist only of
damage of this kind in the ~NA ~olecule. Chang~s in
at least three types of material might cause mutation :

(a) The gene code itself, i.e., in the double-helical
DNA (in most organisms) ;

(b) Associated stabilizing material such as histone;

(c) The machit;ler~ (other than the original ge?,e) by
which a gene-replica is made, whether or not this ma
chinery at any stage embodies the gene-code itself in a
non-DNA physical form.

The pS2 data presented relates almost solely to the first
of these and even there is limited to events in the back
bone ol the DNA molecule rather than the nitrogen
bases whose sequence presumably determines the infor
mation. Four of the carbon atoms of each average
nucleotide of DNA are likewise in the backbone, but
chemical transmutation of carbon into nitrogen at most
of the others--4 or 5 in the nitrogen-base, 1 in deoxyri
bose linking nitrogen-base to backbone-could conceiva
bly give rise to subtle viable changes unlikely to be dupli
cated by gross ionization damage or by pS2 disintegra
tion in the backbone. In bacteriophage, some protein
synthesis necessarily precedes DNA synthesis and gene
replication after infection.550, m Experiments on inac
tivation by p32 decay suggest the possibility of a stage
at which the genetic information itself is carried in a
non-P'" containing form. 54 7

225. In conclusion:

(a) From theoretical considerations based on the
large ionization-excitation dose per transmutation, the
contribution of transmutation to the biological effect
would not be expected to be significant under conditions
of uniform incorporation of CH unless the efficiency
of transmutation in producing the effect is very much
greater than that of ionization. Although experimental
data are as yet meagre and inconsistent, certain data in
dicate that (14 transmutation may contribute signifi
cantly to chromosome breakage;

(b) Because the C14 recoil energy is low and the
energy of electronic rearrangement strongly resembles
the usual ionization-excitation energy, such a contribu
tion is most likely to be mediated through the C--'» N
chemical change;

(c) The area in which to seek such a contribution
would seem to lie in phenomena brought about with very
low efficiency by ionization: probably not in simple dam
age to the genic material but perhaps in abnormalities
in the components of replicative apparatus where ioniza
tion-excitation would, in contrast, be more likely to
cause total inactivation.
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IX. Recovery at the cellular level

226. The concept of "recovery" at the cellular level
covers various phenomena with different mechanisms.
At least three should be distinguished;

(a) Spontaneous recovery of damaged molecules and
structures of the cell; this constitutes genuine recovery:

(b) Recovery through action o~ phy~ic~l or chemical
agents inunediately or soon after irradiation ; this con
stitutes a kind of "treatment" of the damaged cells;

(c) Replacement of damaged molecules or struc
tures by corresponding molecules or structures from un
damaged cells. Here there is no recovery but there is a
restoration of cell function.

227. The interval between irradiation and the biologi
cal expression of the primary damage indicates a com
plex process and suggests the possibility of interfering
with it to promote the repair of inj ury. Much work deals
with phenomena in bacteria and their related bacteria
phages using ultra-violet light. Some results have been
extended by the use of ionizing radiation. The inclusion
of ultra-violet data in this chapter is justified by the
similarities and differences found between the action of
ultra-violet light and ionizing radiation. These can en
lighten several aspects of molecular biology, in particu
lar those associated with the structure, replication, and
biological activity of nucleic acids.

228. Restoration is sometimes obtained by destruc
tion of some intermediate compound before the damage
is irreversibly established, e.g. photorestoration of ultra
violet damage,552,55s restoration by catalase of lysogenic
systems treated with ultra-violet.!": 230, 55~ and restora
tion by ultra-violet light of X-irradiated yeast and bac
teria.566, 666

229. Photorestoration (restoration by radiations of
the range 3,100-5,500 angstroms) is very general and
has been verified in a great variety of biological systems.
The study of photorestoration of a transforming factor
in vitro has led to the discovery of an enzyme in yeast
and bacteria which is necessary for restoration.v" Work
with this system will soon give valuable information on
the mechanisms of ultra-violet inactivation and photo
restoration. Recently, Marmur and Grossrnan'" have
shown that the PR (photorestoration) enzyme is able
to reverse induced linking of DNA strands by UV light.

230. Several radio-biologists have attempted to achieve
photorestoration after exposure to X-rays. Dulbecco'"
has shown that coliphage T 2, inactivated by X-rays in
synthetic medium (predominant indirect effect), can
not be restored by visible light, but that the same phage
inactivated in organic medium (predominant direct
effect) shows a slight photorestoration. Similar results
have been obtained by Watson,5611,560 with coliphages
T 2, T 4, and T6. In general, however, there is no photo
restoration after irradiation with ionizing particles.

231. Some of the lethal damage provoked by UV
light in the coliphage T 4 can be repaired by some cellular
reactivation mechanism linked to the presence in this
phage of the gene u: This gene determines the differ'
ence in ultra-violet sensitivity between coliphages T:
and T 4. The primary UV lesions are identical in both
phage types, but the presence of the fL allele in T4 (as
opposed to the fL allele in T 2) results in reactivation oi
about 50 per cent of the otherwise lethal damage. Lethal
DV damage reactivable by the fL allele action is almost
identical to photoreactivable darnage.w-



232. The restoration effect of ultra-violet light sub
sequent to X-irradiation has been observed by Elkind
et al. in yeast cells.555 Ultra-violet light increases the
fraction of cells surviving the exposure to X-rays by a
factor of 3 or 4. Analogous effects with spores of
Streptomyces aureojaciens have been reported by Goldat
et al.556 In the latter instance, the restoring action of the
ultra-violet was observed for both lethal effects and
mutation induction.

233. Restoration by catalase of ultra-violet-induced
damage 288,289, 55i is more restricted, as it applies only to
lysogenic systems and is linked to the destruction of
organic peroxydes formed in these systems during ir
radiation.

234. The supply of metabolites to micro-organisms
which have lost the capacity to synthetize them can be
considered as one possible mechanism of recovery; in
this case, however, restoration is apparent only, since
the intrinsic damage has not been repaired. Restitution
would be achieved if there was a possibility of replac
ing the damaged molecules or sub-cellular units by non
irradiated ones.

235. The phenomenon of cross - reactivation or
"marker rescue" was discovered by Luria with the
T-even phages (T2, T 4 , To). When a bacterium is in
fected with active and inactivated phages differing from
each other in a few of their genetic loci, some genetic
markers of the inactivated parents may appear among
the progeny resulting from such a mixed infection.
These studies were subsequently carried out in great
detail by Doermann et al.6G2, 5G8 and were extended to
the coliphage '\,m and to the Salmonella phage P22. This
phenomenon may be explained by assuming that the
DV lesion, while preventing or delaying the reproduc
tion of the whole phage, destroys only a small piece of
its genome. The cross-reactivated loci would be those
of the undamaged parts of the irradiated phage which
would reproduce only after their "rescue" from the
injured genome through genetic recombination with the
unirradiated parent.602, 504 After X-irradiation and after
decay of incorporated p32, marker rescue has also been
observed in the T -even phages 550, 500, 507 and in the Sal
monella phage P22.0GO

236. A bacterium infected with a single inactivated
phage does 110t yield active virus; but if two or m?re
inactivated virus particles infect a bacterium, active
phage may be released. 50S The phenomenon of multi
plicity reactivation has been interpreted by Luria as
being due to genetic exchange of uninjured parts of the
genome of the parental phages. Further studiesf" have
not supported some aspects of Luria's original theory of
multiplicity reactivation, but recently Harm670 and .Bal:
ricelli'"! have amended Luria's theory to reconcile It
with the experimental data. Multiplicity reactivation
seems to be restricted to certain strains of phages and to
certain types of radiation. dan:age. It ?ccurs .wi~h the
T -even phages and T 5 WIth high efficiency; I~ IS l~ss
effective with T 1 ,\ and P 2 2, and not at all effective WIth
T s, T 7 and the pyocyanea phage P 8. 547 Multiplicity reac
tivation occurs with high efficiency only when the phag~
bacterium complex is exposed to irradiation. To explain
the different response to X-rays of intracellular and
extracellular phage, Weigle and Bertani"" assumed ~he
occurrence of an "early step" damage connected WIth
DNA injection which prevents. t~e \min)ured parts of
the irradiated genome from participatmg 111 th~ sequence
of events conducive to reactivation. Although It has been
reported that no multiplicity reactivation occurs in T 4
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phage incorporated by p82 decay.?" a more recent study
has detected this phenomenon.i'"

237. The fact that some of the phenomena of recovery
of genetic structures are only seen after DV irradiation
is, in general, interpreted as being due to the different
primary effects which follow UV and X-ray absorption
in nucleic acid molecules. It appears that DV radiation
primarily damages bases whereas X-rays primarily pro
duce breaks in the DNA backbone.

238. The damage produced by UV light in temperate
bacteriophages can be repaired to a certain extent by the
host cell.566,574-576 It seems that the normal host cells
possess a genetic component which is capable of repair
ing the UV damaged virus. This is explained by Garen
and Zinder in terms of genetic homology between the
genome of the phage and the genome of the bacteria in
lysogenic systems. The homologous part of the bacteria
could replace the injured part of the virus genome
through a process of genetic recombination. Similar phe
nomena have been reported with Rous sarcoma virus-"?
and with the measles virus"? in host animal cells.

239. Another phenomenon of host reactivation has
been described by Weigle;192 it applies to temperate and
virulent phages. Among the progeny of irradiated
phages grown in irradiated bacteria, a certain fraction of
plaque-mutants is observed. These mutants are not seen
among progeny of the same phage grown in non-irra
diated bacteria. This suggests that the phenomena of
reactivation and production of mutants are connected.

240. A restoration phenomenon linked to diploidy has
been observed by Latarjet and Ephrussi> in Saccharo
myces cereoisiae ; after X-irradiation, haploid and dip
loid cells can undergo a few abortive divisions before
dying (delayed death). In diploid cells, however, a re
stored cell with normal morphologoy may sometimes
arise after a few abortive divisions. Repair of radiation
damage may occur in diploid yeast cells if they are
starved after irradiation.>"

241. The replacement of damaged macromolecules by
intact ones inside cellular structures also offers a possi
bility of repair. For instance, survival of E. coli Blr to
irradiation is higher on a synthetic medium enriched
with yeast extract than on synthetic medium only.194.
Similar experiments are those of Daniels et al.196-191 with
the large multinucleate amceba Pelomyxa illinoisensis in
which individuals lethally irradiated with ionizing radia
tion may be restored to reproductive viability by means
of fusion with fragments of unirradiated individuals.
When the contents of this amoeba are stratified by cen
trifugation, the heavy third containing nuclei are most
active in restoring irradiated cells. Some desoxyribo
nucleotides were reported to have favourable effect on
restoration of hematopoietic cells from radiation injury
in vitro as well as in vivo. lOB

242. Restoration of cells can also be obtained by treat
ments that modify the post-irradiation metabolism of the
cells such as temperature, presence of certain nutrients,
metabolic inhibitors. This subject, which is related to the
variations in the conditions of the cell populations after
irradiation, has been extensively reviewed recently by
Alper.P" Characteristically, the results reported indicate
that most treatments which reduce the response to irra
diation provide an environment whicli is sub-optimal for
growth.

243. Some physiological functions of cells impaired
by radiation may also be repaired. At present, knowledge
of recovery mechanisms after ionizing radiation is in its



infancy. This subject is of such importance to radio
biology that research on all aspects of the problem should
be emphasized.

X. General conclusions

244. The main conclusions of radio-biology in the
1958 report remain valid and will not, in general, be
repeated here. However, because of the importance of
the threshold problem, it seems prudent to restate the
earlier conclusion that "biological effects will follow
irradiation, however small its amount". This conclusion,
based largely on theoretical considerations and on the
exponential character of many dose-effect curves, is
supported by new data on the effects in macromolecular
solutions, intracellular structures, viruses, bacteria, and
other cellular systems.

245. The main development since the last report has
been spectacular progress in the study of biological
effects at the molecular level. This applies in particular
to the genetic material, DNA, and the way in which this
substance replicates itself (DNA synthesis) and con
trols the synthesis of specific proteins transcribing its
information to RNA by a triplet code. In the wake of
molecular biology, a molecular radio-biology is now de
veloping and, although still in its initial stages, has
already provided some important results. Thus, evidence
is now coming forward that the most significant radia
tion effects (inhibition of mitosis, reproductive and
interphase death, mutation), at least in a number of
instances, are due to primary damage of the genetic
material, namely the chromosomes and, in particular,
DNA. How these lesions interfere with DNA, RNA,
and protein synthesis has already been much clarified;
it is expected that studies on cell-free systems in uitro

now in progress will provide many answers to still open
questions.

246. Understanding of radiation damage in nuclear
material has been increased by studies of the effects on
the physical and chemical properties of macromolecules,
especially nucleic acids and nucleoproteins in vitro and
in vivo. The ESR method seems promising for detection
and determination of the fate of free radicals produced
by radiation in biological materials.

247. New knowledge of the effects on cytoplasmic
functions has contributed to an understanding of the
problem of radiation damage to cells. Only by taking
into account the mutual interaction of damaged struc
tures in the nucleus and cytoplasm can this complex
problem be understood.

248. The important role of recovery at the cellular
level in determining final radiation effects has been more
appreciated, especially the partial reversibility of initial
mutational damage in cells of various origins. However,
knowledge in this field is fragmentary; further research
is needed.

249. Biological effects after incorporation of pu, 0\
and Ha have been studied. It seems that under most con
ditions, biological effects are due to radiation rather than
to transmutation. However, it has been shown that under
certain conditions, particularly after p82 and 04. are
incorporated into essential molecules like DNA, trans
mutation may lead to chromosome breakage.

250. Radio-sensitivity studies have received new
stimulus from recent analysis of genetic factors deter
mining radio-sensitivity in bacteria and from investiga
tions of how these genetic factors are metabolically

. expressed.
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4, Developments such as these have been of .gr.eat
help in understanding the basic problems of radiation
genetics. At the same time they have re-emphasized Its
complexities. The present annex gives particular atten
tion to the effect which these recent advances have had
on our ability to estimate the extent of hereditary damage
which may be induced in populations by ionizing radia
tion, In stressing current problems, the report does not
enumerate but is nevertheless based on a vast amount of
information which has been accumulated over many
years in the field of radiation genetics. For an account
of earlier data and well-established genetic concepts,
reference should be made to the previous report. How
ever, to make this annex self-contained, this older
information is summarized at relevant places. •

5. All organisms are subject to hereditary diseases
and defects. In man, estimates of the size of this burden
of undesirable traits are based on the frequencies of:

(a) Abortions, still births and neonatal deaths j

(b) Infertility;
(c) Hereditary diseases and defects;
Cd) Detrimental deviations from normal in continu

ously varying traits such as intelligence, life-span and
resistance to disease.
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I. Introduction

1. In its consideration of the hereditary effects of
ionizing radiation upon man this report, as did that of
1958," centres its attention on the possible consequences
of the increases in the levelof radiation to which human
populations are currently exposed.

2. The Committee's 1958 report presented a compre
hensive outline of the genetic hazard of ionizing radia
tion; the available evidence in man and other organisms
was reviewed thoroughly and a variety of approaches was
used to elucidate the problem. At the same time it
was emphasized that current knowledge was insufficient
to complete this task with more than partial success.

3. Since that time several significant developments
have been made in radiation genetics and in related
disciplines. In particular, progress has been very rapid
in the area of human cyto-genetics j considerable atten
tion is now being focused on the induction of gross
chromosome aberrations as a serious genetic hazard. In
addition, remarkable advances have been made through
investigations with mice. These have indicated the
existence of previously undetected intricacies in the dose
mutation relationship.



6. Deleterious genetic traits are a direct consequence
of the presence of specific basic faults in the genetic
constitution of affected individuals. These faults may be
either undesirable alleles or chromosome aberrations.
However, the prevalence of deleterious hereditary traits
in a population does not, in itself, provide a complete
picture of the amount of genetic damage present. In
some instances the fault is partially or completely
masked in the heterozygote. In other instances, its pheno
typic expression is so different in the homozygous and

'heterozygous states that it is impossible to express the
total detriment to populations in simple terms, Further
more, environment, in the form either of the remainder
of the genotype or of external conditions, frequently
has a great influence on the manner in which the fault is
expressed.

7. There is no doubt that any increase in the frequency
of radiation-induced mutation contributes to the burden
of undesirable traits. It is equally evident that the evalua
tion of this contribution must rely upon an understanding
of the genetic structure of a population and the environ
mental forces to which it is exposed. Moreover, the effect
of an increase in the amount of genetic damage, from
whatever source, must be considered in terms of a time
interval; once inflicted on a population the damage may
persist through future generations and may be expressed
only intermittently and with varying degrees of severity.

8. There are a number of complementary approaches
to the problem of estimating the detrimental hereditary
effects of an increase in rate of mutation in human popu
lations. Estimates of genetic hazard can be obtained
empirically by the observation of irradiated populations.
However, information obtained in this way is meagre,
and estimates are more often calculated from what is
known about the induction of genetic damage by radia
tion and from a knowledge of the way in which this
darriage will be expressed. These more indirect ap
proaches require information on:

(a) The magnitude of natural genetic damage within
a population as ascertained from a knowledge of the
role of heredity in morbidity, mortality, and infertility;

( b) The role of recurrent natural mutation in main
taining the prevalence of this genetic damage;

(c) The qualitative and quantitative relation between
a given dose of irradiation and the corresponding in
crease in mutation rate.

9. Every approach has its own difficulties and limita
tions. The direct approach is impeded not only by a
meagreness of data but also by the absence of proper
controls. Furthermore, in man it is quite impractical,
through direct observation, to ascertain the spread of
darnage over what may be many generations. On the
other hand, more indirect approaches require a knowl
edge of the genetic structures of populations and of
genetic mechanisms which we do not fully possess at
this time.

10. All approaches often make use of investigations
with other organisms because the mechanism by which
her-editary information is transmitted is basically the
sarrie in all forms of life. Experimental observations in
a vv i de variety of organisms can thus provide a working
model of the effects of ionizing radiation on man. How
ever, there may be radical differences in genetic structure
between populations because this structure is undoubtedly
affected by the environmental conditions under which
a population exists. Furthermore, many hereditary de-
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fects that are slight but nevertheless of importance to
humans are not easily recognized in other species. As a
consequence, generalizations based on the results of
investigations with experimental organisms entail many
uncertainties.

11. The prevalence of naturally-occurring
hereditary defects and diseases

11. It is generally accepted that there is a genetic com
ponent in much, if not all, illness. This component is
frequently too small to be detected; in other instances the
evidence for its presence is unequivocal. Nevertheless,
the role of genetic factors in the health of human popula
tions has not in the past been considered seriously in
vital and health statistics. As a consequence, data on the
prevalence of hereditary diseases and defects are now
largely restricted to that collected by geneticists for spe
cial purposes in limited populations from a small number
of countries.

12. An assessment of the hereditary defects and
diseases with which a population is afflicted does not
necessarily provide a measure of the imposed burden of
suffering and hardship on the individual, the family,
or society. Such evaluations require, among other things,
consideration of the development of medical services
and of the cultural values in communities."

SURVEY OF HEREDITARY DISABILITIES

13. In the 1958 report, a detailed examination of data
accumulated in Northern Ireland over many years led
to a figure of about 4 per cent as the incidence of more
readily detected hereditary diseases and defects. That
survey has been the most comprehensive undertaken to
date, and although limited to a single geographical region,
it has provided a useful base on which to formulate over
all estimates. New information now permits a revision
and reclassification of these. For instance, it is now possi
ble to estimate the frequency of chromosome aberrations
and to transfer some conditions, such as Down's syn
drome(mongolism), to a different category. The esti
mate of the incidence of congenital malformations has
also been increased. The revised values are summarized
below. Disabilities are placed in any of four categories.
They are classified according to the role which mutation
is believed to play in maintaining their frequency. This
subject will be discussed in more detail in section Ill.

Category la
14. This includes harmful traits whose mechanism of

inheritance is understood and whose prevalence is deter
mined mainly by the frequency of individual gene, or
point, mutations.

15. Several hundred traits determined by single gene
substitutions have been identified. A majority of the
traits, perhaps 70per cent, are determined by autosomal
dominant genes. Approximately 5 per cent are sex-linked
recessive traits, and the remaining 25 per cent are
determined by the homozygous expression of autosomal
recessive genes.

16. The majority of dominant traits are sufficiently
mild in their effects to be transmitted through several
generations. In contrast, the detrimental recessive
traits now recognized in man are very severe in their
effects and, with few exceptions, are lethal in the genetic
sense. As a result, although about 70 per cent of well
established specific traits are determined by dominant



individuals with Down's syndrome are known to have
a forty-six chromosome complement in which part of an
extra chromosome 21 is translocated to another auto
some. 1S-18 Other disabilities that have been associated
with translocations or other types of aberration are listed I

in table n. !

24. Defective traits caused by chromosome aherra
tions are sometimes, as might be expected, inherited
through successive generations. A chromosome re
arrangement which permits Down's syndrome to be
transmitted by phenotypically normal females with a
translocation in the balanced state has been demonstrated
repeatedly.'>" Cases have also been reported of trans- .
location-carrying phenotypically normal males whose
children exhibit Down's syndrorne.t'v" Other balanced
and unbalanced karyotypes have been noted in parental
and child generations (table Il ). There are indications
of differential transmission of aberrant chromosomal
types in the two sexes."

25. Mental retardation is one of the common con
sequences of gross chromosomal aberration. Relevant
data have been obtained through the procedure of nuclear
sexing of buccal mucosa to detect sex-chromosome anom- .
alies. This procedure reveals deeply staining chromatin
bodies within nuclei. The number of these Barr bodie '
per cell is, in general, one fewer than the number of X
chromosomes present; the cells of a normal male are
chromatin negative, whereas those of a normal female
contain one Barr body. In five surveys, the combined
frequency of chromatin-positive individuals among
males attending special schools for the mentally back
ward was 8.77/1,000 (29/3,306).23-27 Five surveys of
male inmates of institutions for mental defectives in.
dicated a frequency of 9.51/1,000 (70/7,358) chromatin- i

positive cases. 28
-

S2 Two surveys of female inmates of,
institutions for mental defectives showed a combined
frequency of 4.46/1,000 (12/2,689) females with double
sex-chromatin bodies and one chromatin-negative
female.P- These figures may be compared with diose, (
found in the general population (para. 28 below). I

1
26. Sterility is a frequent consequence of chromosome'

aberration. Males with sex-chromosome abnormalities
are almost always sterile." A study of men attending c
an infertility clinic showed that about 3 per cent of the c
patients were chromatin-positive. 34 Among sixty-eight 0

women with a presumptive diagnosis of primary amenor- d
rhoea, 28 per cent were found to have sex-chromosome n
anomalies.t" ti

27. Some cases of still birth and abortion are attrlbu I g,
table to chromosome aberration. In a survey for sex- 0:

chromosome anomalies in still-born children by nuclear
sexing, none of fifty-two females was found to be ab- fr
normal, but two of forty-nine males were chromatin- ab
positive.w In two instances of miscarriage the embryos ell
have been shown to be triploid.s"-88 Here it was possible of
to culture material from foetal remnants.

~8. A general picture of the prevalence of defective
t~alts caused by gross chromosome anomalies is begin
nmg to emerge despite the newness of this field of re- Hi;
search. Some specific traits are extremely rare. How- tril
ever, the frequency of Down's syndrome is about l.S per
1,000 total births in Europe, North America and ,
Japan.

3 9
-
41 Comparative figures from other parts ~f the phi

world are rather scanty. Current data on the frequency ord
of sex-~hromosome abno:malities have recently been lOn
summanzed.3 3 Cases of Klmefelter's syndrome (XXY),. 3
or at least karyotypes containing a Y and more than one; a 11

genes, in perhaps 90 per cent of perso1?s who sho,:,"
monomeric traits, these defects are determined by domi
nant genes. In terms of gene frequency, however, genes
for recessive harmful traits must far outnumber those
for dominant harmful traits in a given population.
Furthermore, many hundreds of. traits are e?cou:r;tered
in man for each of which a recessive mode of inheritance
is suggested, but each is so uncomr~lOn that adequate
evidence for this is lacking. It seems likely that n;any of
these traits are in fact the homozygous expressions of
recessive genes and that they contribute i;n total m~re

than any other class to the frequency of detnmental traits
in populations.

17. Traits listed in this category are at present esti
mated to affect about 1 per cent of all live-born.
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Category Ib

18. Harmful traits which are determined by cytologi
cally demonstrable chromosome aberrations are included
in this category. Their frequency is maintained mainly
by recurrent mutation.

19. There is direct evidence that congenital and other
physical defects are sometimes due to chromosome aber
rations. This important information has been acquired
as a consequence of improved techniques in human
cytogenetics. Because most research in this area is new,
the subject will be considered here in some detail.

20. As with those traits caused by the action of spe
cific alleles, there is often considerable variation in the
clinical severity of defects caused by chromosome aber
rations. For this reason, all the clinical aspects of some
specific defects remain to be described. Different degrees
of mosaicism may be partly responsible for this variation
in expression. Many associations of physical impairment
with chromosome aberrations are now being reported
and it must be suspected that some of these associations
are due to chance. Reasonably well-established associa
tions are presented in table I, others, necessitating further
confirmation, in table n. All the disabilities noted in
tables I and n are congenital, but some diseases of
somatic origin are known to be associated with chromo
some aberration. Two of these are granulocytic chronic
leukaemia 3 and Waldenstrom's macroglobulinaemia.'
Such diseases are discussed in annex D.

21. The fact that some well known defects occur as a
consequence of anomalies in the number of autosomes
was discovered in 1959, when it was demonstrated that
Down's syndrome is associated with trisomy of one of
the small acrocentric chromosomes (number 21 under
the Denver Conventlonj.ve There are two other well
established instances of trisomy syndromes. One in
volves a member of the 17-18group," the other a member
of the 13-15 group." All three kinds of trisomy are
associated with mental retardation.

22. Some detrimental traits are attributable to anom
alies in the number of sex chromosomes. This was
established when it was shown that a condition known as
Klinefelter's syndrome can be caused by an XXY con
stitution.? Related clinical symptoms have now been
attributed to XXXY,1°XXXXYll and XXYY12 karyo
types. Turner's syndrome has been associated with an
XO constitution.» Females with XXX and XXXX
karyotypes have also been described.H,15

23. Defects attributable to the presence of chromo
some rearrangements have also been detected. Some



X, are relatively common, whereas cases of Turner's
syndrome (XO) are rare. Three surveys by nuclear
sexing of buccal mucosa, have been made among con
secutive live-born. A frequency of 2.65/1,000 (18/6,801)
chromatin-positive males was found in the combined
data. Chromosome studies of seven of the anomalous
cases showed that four were XY/XXY mosaics and
three had an XXY complement. The frequency of abnor
rrial nuclear sex among females was 0.90/1,000 (6/
6,642).86,42,48

29. It is now estimated that about 1 per cent of all
live-born have some harmful trait determined by chro
mosome aberrations sufficiently gross to be detected by
present techniques. Many of these individuals are
mosaics. Rather more than half of the aberrations are
anomalies in chromosome number. The rest are intra
chromosome changes, translocations or combinations of
these with numerical changes. Only a small fraction of
these aberrations are transmitted to subsequent genera
tions. It is likely, however, that estimates of the fre
quency of transmissible chromosome aberrations would
be greater with more refined techniques since these
aberrations, being less gross, are more difficult to detect.

Category II

30. This category includes developmental malforma
tions whose mechanism of inheritance is ill understood.
Environment is influential in the aetiology of these
traits. Drugs, certain infections, and radiation are known
:to be teratogenic at critical stages of organogenesis, and
rrraternal (intra-uterine) environmental factors are also
known to have a great influence on prevalence. The role
of mutation in maintaining the frequency of these traits
has not yet been ascertained. They often show some
f aroilial concentration, but this fact does not necessarily
prove the existence of a genetic component.

31. Some of these malformations may be caused by
chromosome aberrations. However, no cytological evi
dence of this has been found in many of the more corn
zrronly-occurring malformations.vr" It is of course pos
sible that chromosome changes too small to be identified
by current techniques are responsible. Alternatively,
complex genotypes and unusual environments may be
causal factors; it has been suggested that a fraction of
congenital malformations are caused by an insufficient
degree of such heterozygosity as is necessary to ensure
normal development.w " However, it is difficult to dis
tinguish between conditions due to individual recessive
genes of low penetrance and any that may arise because
of a deficiency of heterozygosity at a multiplicity of loci.

32. Many of these traits are detectable at birth. The
frequency of live-born so affected is now estimated to be
about 1.5 per cent, but is higher if still births are in
cluded. At the age of five years, an additional 1 per cent
of affected children can be detected.4o, 48

Category III

33. In this category have been placed serious "con
stitutional" disorders in which the mechanism and con
tribution of inheritance are ill understood.

34. Included here are mental illnesses such as schizo
phrenia and manic depressive reactions as well as dis
orders such as diabetes mellitus, pernicious anaemia and
some affecting the thyroid gland.

35. There is general agreement about the existence of
a major genetic component in these traits and, on occa-
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sion, a simple mode of inheritance has been postulated
for some of them. However, their frequency in the face
of strong selection and their distribution in families are
difficult to reconcile with a monomeric hypothesis. As a
consequence, simple modes of inheritance are not usually
assumed.s" Each of these traits is common and preva
lent over most of the world. They were collectively esti
mated in the 1958 report to affect at least 1.5 of all
adults, but this estimate is very uncertain.

Category IV

36. This category includes harmful traits which are
determined at single loci, but it is highly unlikely that the
frequency of the alleles is substantially influenced by
mutation.

37. The frequency of these traits tends to be high in
localized areas of the world. This high frequency is a
consequence of the fact that each of the traits exists as a
part of a system of balanced polymorphism; selection
pressures maintain the related genotypes in a state of
balance. Included in this category are sickle-cell anaemia
and thalassaemia. Many other traits, such as fibrocystic
disease of the pancreas, probably belong here. On the
other hand, a change in environment at some time in
the future might remove some traits from the category.
Except in certain localized areas in the world, the preva
lence of these traits as currently recognized is extremely
low. The subject of balanced polymorphism will be dis
cussed in greater detail in a later section (paras. 47-52).

ROLE OF HEREDITY IN PREMATURE DEATH

38. Abortions, still births and neonatal deaths present
special problems in a survey of hereditary defects; not
only is the frequency of these defects greatly affected
by environmental factors, but the role of heredity in
their cause is difficult to ascertain because they are not
transmitted to the next generation. In consequence, with
the exception of those cases known to be caused by gross
chromosome aberration, these defects are not considered
in categories I-IV. Nevertheless, breeding experiments
in animals have shown that simple genetic mechanisms
contribute to their incidence. In other instances the addi
tive effects of several genes with slight individual effects
may be responsible.

LETHAL AND DETRIMENTAL EQUIVALENTS

39. All the genetic damage within a population is not
expressed phenotypically in any one generation, To a
large extent, this is because many detrimental traits are
partially, if not completely, recessive; complete expres
sion occurs only in the homozygote. The amount of this
recessive damage is an important measure of the genetic
health of a population. It can be estimated indirectly
from a knowledge of the increase in mortality and mor
bidity observed in the progeny of consanguineous mar
riages; in these circumstances the hidden genetic damage
can be described in terms of lethal and detrimental
equivalents. A lethal equivalent has been defined as a
group of mutant genes of such number that, if dispersed
in different individuals, it will cause one death on the
average." This death occurs with homozygosity. In the
same manner, genes leading to visible recessive defects
can be defined in terms of detrimental equivalents."

40. The procedure outlined above is a powerful tool
with which to estimate the amount of recessive genetic
damage within a population. However, lethal and detri-



It is known that few dominant diseases. and. defect~ are
completely dominant and it is becoming mcr~aslDgly
clear that many recessive traits may. not be, m fact,
completely recessive. This partial dominance can reflecl
on the genetic fitness of heterozygotes. The effect that
even a minor change in heterozygotic fitness ?1aj: have
on the estimated mutation rate required to maintain the
frequency of a defect at a constant level.can b~ i1Iu~.
trated with a trait such as phenylketonuria. This trait
occurs with a frequency of 25 X IQ-o in the population
of England and the genetic fitness of the homozygote 1S

nearly zero.54 Under the assumption that the heterozy
gote has the same fitness as the homozygous no,~,
a mutation rate of 25 X 10-0 per locus per generation IS

required to maintain the gene at its present level in t~e

population. If, however, the fitness of the heterozygoteIS

1 per cent, 2 per cent, or 5 per cent 100~er, as has been
suggested, then the corresponding mut~tlOn rates 'yould
be three, five and eleven times the previously mentioned
rates. 50, 51,58 In contrast, if a slight heterozygous advan
tage is assumed, a very different estimate is obtained:
with only a 0.1 per cent or 0.2 per cent advantage In
fitness, the estimated mutation rate would be only 4/5 or
3/5 that of the original rate." With an ~dvantage of
0.5 per cent, mutation would not be required to com
pensate for the loss of genes due to delete.rious homo
zygotes; in fact, the gene frequency would increase to a
higher level.

46. Genetic fitness of heterozygotes cannot be treated
as an invariable property of the two alleles under coo'
sideration. Rather, fitness can be influenced not onlyby
the remainder of the genotype, as in the intricate situs
tion involved in populations carrying genes for both
thalassaemia and glucose-6-phosphate dehydrogenase de
ficiency,55 but also by the external environment. For I

such reasons an individual estimate of fitness may be I

valid for the immediate future but less valid when applied I
over several generations.

47. One of the advances in human population genetics
has been the discovery of several balanced polymorphic
systems (category IV). The term polymorphism, as
used here, describes "the occurrence in the same habitat
of two or more discontinuous forms of a species main
tained by a balance of selective forces, as opposed to
maintenance by recurrent mutation". 50 Such systems
arise when a gene confers reduced genetic fitness in
some circumstances and increased fitness in others. The
increase in fitness may be a consequence of a shift in the
macro- or micro-environment or it may be a consequence,
of heterozygosity as contrasted with homozygosity. The
role of mutation in supporting the frequency of poly"
morphic traits is minor. To predict the over-all conse
quences of an increased mutation rate it is therefore
essential to know the extent to which balanced polymor
phic systems contribute to the burden of detrimental
hereditary traits. It is also essential to know what frac- ,
tion of new mutants are equivalent to alleles that are
already part of a polymorphic system.

48. The existence of balanced polymorphism is sus
pected when excessively high mutation rates must be
postulated to maintain the frequency of a detrimental
trait under the assumption that the heterozygote is
neutral. An example of heterozygous advantage in ge·
net~c ~tness i~ provided by sickle-cell anaemia, a trail
which IS fatal m the homozygote. The distribution of the
sickle-cell trait l:las been investigated over large areas of
the wo~ld and IS very uneven; the trait is completely
absent m a number of populations, yet the homozygote
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RELATIVE GENETIC FITNESS

44. The relationship between mutation, genetic fitness,
and the prevalence of hereditary disabilities is concisely
expressed by the principle which holds that each muta
tion, whether fully lethal or slightly detrimental, will on
the average, result in the death of a descendant or in a
failure to reproduce.52, 53 The more genetically unfit of
these mutations, as for instance dominant lethals, will be
eliminated quickly, and occasionally without provoking
any suffering or undue hardship on the population.
Mutations which have less drastic effects on fitness will
usually be transmitted through many generations and
their phenotypic effects will be expressed in correspond
ingly more descendants.

45. Genetic damage can affect the phenotype of indi
viduals in either the homozygous or heterozygous states.

mental equivalents do not repre~ent gen~s determin~n~
any special category of recessive detnmental traits,
when expressed phenotypicallY.in the homozy&ote, the
traits may fall in any of the hsts of de~ects m para
graphs 13 to 38. Furthermore, an eS~lmate of. the
frequency of equiv~lents does.not proV1d~ a.ny direct
measure of that fraction of genetic damage within a ~o.pu

lation which is expressed in the heterozygous condlt1?n.
Nor does a knowledge of the siz.e of tI:e p.ool of recessive
lethal and detrimental genes, by lt~elf! mdl~ate the mec:ha
nism by which these genes are maintained m a populabono

41. Estimates of lethal equivalents obtained from
available surveys are presented in t~bl~ !II.The surveys
are of very unequal scope and reliability, 0e one c~r

ried out in Japan being by far the.most ~xtenslve. In spite
of inconsistencies in the results, including some between
the two cities in Japan, it seems reasonable to conclude
that individuals in human populations carry from two
to four lethal equivalents which are expressed, in homo
zygotes, before the age of twe?ty to thirty. In addition,
each individual carries approximately the same number
of detrimental equivalents.

m. The role of mutation in supporting the
prevalence of hereditary disabilities

42. Mutation may be broadly defined as any change
imposed in the genetic constitution of a cell. In the pres
ent annex, mutation is considered in terms of the two
fundamental units of heredity, the gene and the chromo-

• some. Natural mutations are generally referred to as
spontaneous though in fact it is understood that there
are causal factors over which we do not usually have
any direct control. One of these factors is undoubtedly
naturally-occurring ionizing radiation. Other physical
and chemical variations that occur in nature, and the
gene complement itself, probably influence mutability.

43. Two mechanisms are involved in maintaining the
prevalence of detrim~ntal hereditary tra~ts within a pop~
lation. One of these IS recurrent mutation, The other IS
direct transmission of the basic genetic faults through
successive generations. The role of transmission is gen
erally expressed in terms of genetic fitness of the rele
vant genotypes, i.e., the number of their progeny which
reach maturity. The importance of mutations in human
populations cannot be considered independently of
genetic fitness because reliable estimates of specific nat
ural mutation rates and of the over-all contribution of
mutation to it! health are frequently dependent on accu
rate information about this fitness.
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bas a frequency of 3 to 4 per cent in some populations
of Asia and Africa.:" It has now been demonstrated that
heterozygous individuals have an increased resistance to
malignant tertian malaria and a consequent selective
~dvantage in a malarial environment.fi7, ss It is likely that
Jther serious haemoglobinopathies, including thalassae
mia, are maintained by a similar mechanism. Current
IvorId-wide measures to eradicate malaria will have the
~ffect of reducing the genetic fitness of heterozygotes.
<is a consequence, a reduction in gene frequency is to
ie expected. However, the rate of reduction will be slow
md the trait will continue to be carried for many gen
.rations, It has been suggested that the inexplicably high
'requencies of some detrimental traits are a consequence
.f relatively greater genetic fitness of heterozygous car
{ers at some time or place in the past. 89

49. The frequency with which balanced polymorphic
ystems occur in human populations has yet to be de
ermined. Relevant to this problem are two contrasting
ut not mutually exclusive hypotheses that have been
.roposed for the construction of extreme models of gene
ehaviour. One has been termed the classical, the other
!le balance hypothesis." Under the classical hypothesis,
: is assumed that genetic variability is maintained by
ecurrent mutation. Furthermore, it is assumed that
Imost all mutations are unconditionally deleterious and
ubject to selective elimination; heterozygous advantage
: restricted to a small number of loci although it may
ontribute greatly to existing genetic variability. The
alance hypothesis, on the other hand, assumes that
enetic variability is to a large extent maintained by
eterozygous advantage; mutation may not be uncondi
onally deleterious and a certain level of heterozygosity

essential to high fitness.

50. Using the concepts of lethal and detrimental
luivalents, it is possible to deduce the relative impor
mce of these two models. It has been calculated that an
ibreeding depression of such a high degree as has been
etected experimentally cannot be expected from systems
Ebalanced polymorphism; this has led to the conclusion
rat most hereditary defects revealed by inbreeding are
iairrtained by recurrent mutation.v? A similar conclusion
is also been reached from different evidence; an analy
s of the frequencies and modes of inheritance of deaf
utism, limb-girdle muscular dystrophy and low grade
ental defects has suggested that the mean genetic fitness
: a population would be impossibly low if the preva
nee of these and other traits were not maintained by
utation.s- On the other hand, in a recent study of two
ipanese populations, the detected inbreeding depression
as so slight as to indicate that the role of balanced poly
orphic systems in maintaining the prevalence of heredi
ry effects is greater in those populations than in others
'eviously studied.v-
51. Investigations with irradiated experimental organ
ns have also produced conflicting evidence,02-67 a fact
'rich may well reflect the importance of strain differ
ces and environment in the phenotypic expression of
notypes. It is also possible that a variation in fre
lency of gross chromosomal aberrations with different
.ses of radiation contributes to differences between
sults,

52. In the absence of complete information about the
le of balanced polymorphic systems it is usually as
rned that most of the genetic damage within popula
Ins is mutation-maintained; this avoids the risk of
derestimating radiation damage. Even if this assump
In is incorrect, it is possible that most new mutant
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allel~s. at loci involved. in polymorphic systems are un
conditionally harmful m contrast to those alleles which
support the polymorphic systems in nature. In these
circumstances it is important to know the average reduc
tion 111 fitness of the heterozygote, S111ce this value deter
~ines th~ number. of generations over which a temporary
increase 111 mutation rate would be felt by a population.
It also determines to some extent the magnitude of the
total damage. There is no general information about this
value in man. In Drosophila, extensive studies have in
dicated that the average reduction in fitness of hetero
zygous lethals and semi-Iethals is about 2 per cent.50, SS

It would probably be larger in poor environmental con
ditions.oo,70

NATURAL MUTATION RATES AT INDIVIDUAL
LOCI IN MAN

53. The frequency of mutation at a locus can only be
studied when the mutation determines a specific detect
able trait. Mutation is always an uncommon event; a
freshly-arisen specific mutation seldom occurs with a
frequency of more than one in fifty thousand gametes.
It follows that very large populations must be studied
to obtain a reliable estimate of this rate.

54. In many respects man is a very suitable organism
~01: the observ~tion of mutation rates because large free
hvmg populations can be defined and close relatives are
easily identified. Furthermore, the high efficiency of
medical diagnostic procedures renders relatively easy
the identification of many traits in man that might be
missed in experimental animals. For these reasons, more
estimates of natural mutation rates are available for man
than for most species other than micro-organisms. There
are, however, difficulties in relating traits to specific
mutant alleles in man. These difficulties do not arise as
frequently in animals, because planned breeding and
genetic analysis can be employed.

55. Some of these problems are specific to dominant,
some to sex-linked, some to recessive gene mutations,
and some are common to all three. Those common to all
three derive from the following circumstances:

(a) Certain mutant gene traits are mimicked by
phenocopies. These are identical or nearly identical traits
determined not by the genotype but by abnormal devel
opment in the embryo of foetus in utero. However, care
ful clinical study often serves to distinguish such phe
nocopies, as for example in the case of certain cataracts,
and in cases of congenital deafness;

(b) Certain traits which are difficult if not impossible
to distinguish clinically, are sometimes determined by
mutations on different chromosomes. For example,
ichthyosis vulgaris is determined by an autosomal domi
nant gene and also by a recessive gene on the X-chromo
some;

(c) Some clinically identical traits seem to be in
herited as if they were autosomal dominant at some
times and recessive at other times. Examples are achon
droplasia and a number of degenerations of the choroid
in the eye. This variation may be a consequence of,muta
tions to different alleles at the same locus, of mutations at
different loci on the same chromosome, or of mutations at
loci on different autosornes ;

(d) Some traits, t~ough apparently inher!t~d in ~he
same manner, show differences between families which
suggest that the causal mutations are different in kind.
Although different loci may be in:rolved i~ these cases,
it is conventional to express mutation rate m terms of a



single locus. Such difficulties lead to over-estimates of
mutation rates.

56. Precision in the estimation O! th.e mutation rates
of genes determining harmful traits 111 man depends
upon the completeness of ascert~inment. o.f the character
in a large defined population. HIgh p:eClSlOn.can only be
achieved where the medical and social services for the
populatio~ ar~ well or~anize~. Even so, complete ascer:
tainment IS VIrtually impossible and can ?ever be as
sumed as certain. Incompleteness of ascertainment tends
to result in under-estimation of mutation frequency.

57 In generalizations of the mutation rates per locus
in m'an one further factor must be consid~red. If ~he
mutation rate of a gene is very low the trait I?ay ~r~se
too infrequently to be recognized as of genetic origm,
or even if so recognized, it may not attract s~udy because
of the great difficulty of collecting a ~ufficIent .num~er
of cases. In consequence, only thos.e traits ~ccurnng:with
a sufficiently high frequency to ~Ive a. relt.able estimate
of mutation rate are selected for investigation.

Autosomal dominant traits

58. A direct method is applicable for estimating rates
of mutation to dominant traits. This method attempts to
identify all cases of a certain trait in the offspring of
parents not affected by the trait. If it is assumed that
the gene is fully manifested, then each case must rep
resent a mutation in the germ cells of one parent. As
each birth results from two gametes, the mutation rate
per gamete is one-half the frequency per birth. This
method can seldom be employed and can be fallacious if
unrecognized phenocopies occur.

59. An indirect method can also be used. This method
assumes that an equilibrium has been reached in which
the frequency of the trait is more or less constant. At
this equilibrium, the number of fresh mutations arising
in the population in each generation is approximately
balanced by the number of mutations eliminated by
selection. The equilibrium equation is p. = y:! (I-f) x,
where p. is the mutation rate per gamete per generation, x
is the trait frequency in the population, and f is the
relative fertility of the individuals bearing the trait. In
such an equilibriumthe value of f is of great importance.
It is, however, difficult to estimate with accuracy. If f is
zero then the condition is not recognized as genetic in
origin. On the other hand, relative fertility of the affected
individuals can be estimated only if it is as low as 85 per
cent. As a result, estimates of mutation rate tend to be
made for traits with a value of f between 0.0 and 0.8. A
number of estimates are listed in table IV.

Sex-linked traits

60. Estimates of the recessive mutation rate at loci
on the X-chromosome must be made by an indirect
method. The equilibrium equation is }lo = % (1-f) x. In
this case, it is assumed that the fertility of heterozygous
females is the same as that of homozygous normal fe
males in the population.

61. The most reliable estimates of mutation rates for
a sex-linked recessive gene are those for Duchenne-type
muscular dystrophy. However, there is some evidence
that even this trait is clinically heterogeneous. In conse
quence, current estimates may represent the sum of mu
tations at more than one locus.

62. No reliable estimates of the mutation rate for
haemophilia A have been made since haemophilia B
(Christmas disease) was identified as a separate entity.
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The proportion ?f haem~philia types A a1l:d B varies in
different countnes. POSSibly the older estimates of the.
mutation rate for haemophilia, if reduced by about one- .
tenth, serve as reasonable estimates for .the locus det~r.

mining haemophilia A. However, t~e tr~It can be so mil.d
that ascertainment is almost certainly incomplete. !?IS
tends to produce under-estimates ?f the true mutation
rate. Some estimates are presented 111 table V.

Autosomal recessive traits

63. Only indirect estimates of autosomal recessive m~. i

tation rates can be made and these are of very uncertain
reliability. The equilibrium equation is J.L = (I-I) .f.

In man, the value of f is zero or extremely low.for the .
great majori ty of recessive homoz:ygotes. ExceptIons are
albinism and some forms of recessive deaf-mutism. Even
with these conditions however, the value of f is not over
0.5. If f has a value of zero then the estimate of mutation
rate corresponds to the trait frequency. Here, however,
there are many difficulties. It is assumed, as for. sex
linked genes, that the fertility of tl~e heterozygote IS ~e .
same as the average in the popu!atlOn. Howev.er, a hl~b
proportion of all mu~ant genes 111 the P?pul.atlOn are In

heterozygotes. For this reason any selection 111 favour of
or against the heterozygote has a much greater effecton .
the prevalence of a trait at equilibrium. th~n has th~ loss
due to homozygosis. Furthermore, ~ ~hl~t m the envlr?n
ment can upset the population equilibrium by affect~g

the genetic fitness of the different genotypes. W~~ ~his
happens, many generations may pass before equilibrium
is restored. Again, changes in marriage custom~ ~
affect the frequency of different genotypes. A declineIn

the amount of inbreeding has been noted in Europe dur
ing the last century or two; such a circumstance is likely
to lead to estimates that are too low.n Some estimates or .
autosomal recessive mutation rates are presented in
table VI.

64. In spite of all the reservations, there is a lar~e
group of grossly harmful mutations, autosomal domi
nant, recessive, and sex-linked recessive, whose estim~ted
mutation rates cluster around 10 X IQ-6 per generation.
However, this clustering may be conditioned largely by
the selection of traits for study.

NATURAL MUTATION RATES AT INDIVIDUAL LOCI
IN EXPERIMli:NTAL ANIMALS

65. With experimental animals it is possible to esti
mate natural mutation rates with methods that involve
test matings. In the mouse, the rates of natural visible
mutation have been estimated at seven loci. These lociare
identified by recessive visible alleles namely: a (non
agouti) , b (brown), c (chinchilla), d (dilution), p (pink:
eye), s (piebald spotting), and se (short ear). The lOCI
are distributed on five of the twenty chromosomes. There
is linkage between d and se and between c and p. These
alleles were selected for various radiation studies and'
should not be considered a random sample. The over-all
mean mutation rate is estimated to be about 7.3 X l~
per locus per gamete (table X).

66. Estimated values of natural mutation rates at spe
cific loci in Drosophila were discussed in the previous
report and in a recent review.P

NATURALLY-OCCURRING CHROMOSOME ABERRATIONS
IN MAN

67. Man has a relatively stable karyotype; the diploid, !I
chromosome number is forty-six. 73• 74 Nevertheless,



with the development of improved tec;hniques in mam
malian cytology, ex~ples of abe;ratlOns already well
known in plants and insects are b.em~ accumulated. The
detection of chromosome anomalies 1U man IS aided by
the relative ease with which associated abnormal phen?
types can be recognized. On the other hand, cytog~netIc

techniques are not yet far enough advanced to per~11lt the
detection of less Ob¥iious aberrations. Those which are
not now detectable include reciprocal translocat.ion~ of
nearly equal size, inversions and either small duplications
or small deletions having a length less than 10 per cent
that of the affected chromosome. Other aberrations may
be undetected because they are lethal at a very early stage
in embryo development."

68. The most common of detected aberrations are
trisomies of the smaller autosomes and either monosomy
or polysomy of the sex chromosomes. It seems likely that
rrroriosomy and trisomy of autosomes other than that
producing Down's syndrome, are rare or 1.1suallY.Iethal.7~
Triploidy has been detected,87,88,76 and translocations and
:Jtber aberrations are frequently reported (tables I and
[I).

69. Whole-chromosome anomalies may be a conse
luence of either chromosome loss or "non-disjunction".
v.ronosomy can result from either process, but polysomy
5 attributable only to non-disjunction. It seems likely
bat the majority of whole-chromosome aberrations oc.c~r
:1 rneiotic divisions of a parent or in early cleavage divi
ions of the zygote. Little is yet known about the relative
nportance of non-disjunction and chromosome loss
uring meiosis. However, there is considerable evidence
lat one or both of these processes frequently Occurs in
li totic divisions following fertilization. This evidence is
tpplied by the existence of mosaics 76- 82 and of excep
orral twins." The occurrence of whole-chromosome
iornalies during mitosis may be more frequent" than
-esent data suggest; mosaicism is not likely to be de
cced when it does not originate in early cleavage divi
orrs, Moreover, selection pressures may eliminate one
the stem lines. The possibility that the processes lead
~ to mosaicism tend to recur in a cell line is suggested
the fact that two or three types of cells are sometimes

esent in the growth from a single biopsy of bone mar
?IT or even of skin. 84

70. For one reason or another, most individuals with
:rirnental traits caused by gross chromosome aberra
;IS fail to produce progeny. Exceptions so far recog
ed are those phenotypicaIly normal persons with
arrced translocations, The general incidence of such
n.sIocations is, however, low. As a consequence, the
.clence of gross chromosome aberrations in a popula
1 tends to correspond with their mutation rate. For
mates of frequency, see paragraphs 28 and 29 above.

ATURALLY-OCCURRING CHROMOSOME ABERRATIONS
IN EXPERIMENTAL ORGANISMS

l. In the mouse, non-disjunction of sex chromosomes
been shown to occur in meiotic divisions. However,
·disjunction in the first meiotic division is rare in the
~ and possibly non-existent in the female. In contrast
an, XO karyotypes occur much more frequently than
:XY karyotypes." There is evidence that XO indi
a.Is most often result from the loss of the paternal sex
rrrosome some time between sperm entry into the
us and the first cleavage. This evidence is based on
bservation that when XMO and XMXPy mice are
d simultaneously (the superscripts M and P desig-
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nate maternal and paternal derivations of the X chromo
some) the relative frequencies are 0.7 per cent and 0.02
per cent and on the fact that primary XO's are not
randomly distributed.B6, 87 Defi~iencies Cl;nd monosomies
that would have been detected 111 extenslv~ experiments
on certain genetically marked autosomes III the mouse
have so far not been found.8 5, 8 B Spontaneous transloca
tion has been observed in the rat. 89

72 In Drosophila maternal non-disjunction and
meiotic loss of whole' chromosomes from. dividing c~Us
both operate to produce abnormal eggs. ThIS information
has been deduced from the fact that the frequency of
eggs with two X chromosomes is less than that of eggs
with no X chromosomes. The frequency of abnormal
egffs that arise as a result of non-disjunction has been
estimated at 0.08 per cent and the frequency of those
arising as a result of meiotic loss of the X ch~omos0Il!e

at about 0.12 per cent. This produces an XO :XXY ratio
of about 4 :1.90 There is also a considerable rate of non
disjunction of sex chromosomes in males; the ratio of
scored XMO to XlI!XPyP individuals is 2.8 :1.9 1. Mono
somy and trisomy of the small fourth chromosome occurs
spontaneously but non-disjunction or loss of the seco~d

and third chromosomes has not been detected by genetic
or cytological methods of analysis. It is probable that
these events occur but that monosomy or trisomy of long
autosomes leads to elimination in embryonic stages." An
early study showed that aging of females by itself has no
effect on the natural rate of non-disjunction, although the
frequency of non-disjunction following irradiation of
virgin females increases through the first ten days."
More recent studies have confirmed that maternal age
per se has no appreciable effect on the frequency of sp~n
taneous non-disjunction." In view of the recognized m
crease in frequency of Down's syndrome with advancing
maternal age 8 9 an~ simila; observati<;>ns on the two 00er
autosomal trisomies.v" this observation shows the diffi
culty of comparing natural chromosomal mutation rates
of flies and man.

FACTORS AFFECTING THE FREQUENCY OF
NATURAL MUTATION

73. It has long been observed that the frequencies with
which natural mutations are found may vary in different
circumstances. This variation provides an opportunity
to identify and study individual causal or influencing
factors. In man, some of these factors can be detected
because a relatively long childhood and reproductive span
permit the factors to work over a prolonged period of
time.

74. With some hereditary diseases and defects it has
been observed that mutant frequency among offspring
increases with parental age. Such conditions are epiloia,
neurofibromatosis and retinoblastoma. This effect of time
suggests a simple dependency of mutation frequency on
the accumulated dose of the causal factor. Here, by im
plication, some cumulative influence is involved;" In
other conditions, such as Down's syndrome, an increase
in mutant frequency accompanies rising maternal age but
not rising paternal age. Again, a contrasting situation
holds with achondroplasia, where the increase in the
occurrence of the anomaly is associated only with rising
paternal age. Each of these latter examples suggests the
presence of influencing factors which are not common
to both sexes. Thus, when paternal but not maternal age
affects mutant frequency, a dependence of mutation on
frequency of cell division in gametogenesis may be
involved.



FACTORS AFFECTING THE FREQUENCY OF
RADIATION-INDUCED MUTATION

IV. The induction of mutation by radiation

environmental chang.es. This concert has been fonnu
lated as a mathematical model by mtroducing what'
called the principle of minimum genetic load,116 A speci~s
must adapt itself to progressive changes in the environs
ment and the ability to do so comes from genetic varia'
tion, the ultimate sot~rce of which is mutation. The impor:
tance of new mutation for the future adaptation of the
human species is problematical. iI'

81. For obvious reasons, most of our information on
theinduction of !t1utation by radiatioIl; comes from ex
perimental organisms. However, there IS ample evidence
that the mutation process is fundamentally similar inall
forms of life and there is no reason to suppose that man
is exceptional in this respect.
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The dose-rate effect

84. The rate of delivery of ionizing radiation has noW
been demonstrated to affect the frequency of mutations
induced by a given dose. This has been shown for both
mice and insects. '

85. In mice, the effect of differences in dose-rate on
the frequencies of mutations induced at seven specific10ci
has been studied.n o,121, 123-127 It has been observed that
(table X) :
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75. A number of factors are known to affect natural
mutation frequency in experimental organisms. One of
the most studied of these is sex; the spontaneous muta
tion rate to sex-linked recessive lethals is apparently
lower in females than in males of Drosophila.05,00 An
effect of sex on mutation frequency in the silkworm has
been noted. Here locus specificity is a factor; at one locus
the frequency of mutation is higher in the male, at an
other it is lower." In the mouse, the data on seven loci
under detailed study provide some indication that muta
tion frequency is lower in females than in males (table
X). Females have yielded one mutant among 98,828 off
spring. In contrast, males have yielded thirty-two
mutants among 544,897 young. However, in man, a study
of mutation to the sex-linked trait, Duchenne-type mus
cular dystrophy, has provided no evidence of a sex dif
Ierence."

76. Genetic constitution can also affect the frequency
with which naturally-occurring mutations are found. A
number of specific genes in Drosophila have long been
known to modify the natural mutation rate by a factor
of ten or more over at least a segment of the entire
genome." A difference between two geographical races in
the frequency with which sex-linked lethals are produced
has been demonstrated.100 In addition, there is no doubt
that the mutation rate varies with different loci. The
mutability of a gene is also affected by its position in the
chromosome.827,828

77. In man, tendencies towards diverse chromosome
aberrations in the same individual and towards familial
occurrence of diverse chromosome aberrations have been
noted. For example, cases of Down's syndrome (trisomy
21) and Klinefelter's syndrome (XXY) in the same in
dividual have been described.101-

105Associations of XXY
with a translocation between chromosomes 14 and 15100
and of XXX with trisomy 18107 have been reported.
Trisomy for the 13-15 group and an XO constitution has
been noted in two sisters.':" Trisomy 21 has been re
ported in the progeny of a female carrying an autosomal
translocation.100 Such clustering of gross chromosome
aberrations has led to the suggestion that the cells of some
individuals may be labile in this respect," or that the
occurrence of a first aberration predisposes the chromo
somes of a cell towards a second."

78. There is evidence that natural mutations occur at
different rates in cells in different stages of gametogene
sis. Relevant investigations in Drosophila have recently
been reviewed." Some loci are more mutable in the germ
line than in the soma, while for others the reverse
applies ,m

79. No doubt other as yet unrecognized influencing
factors exist. For instance, a significant increase in the
frequency of sex-linked recessive lethal mutations has
been reported in each of two strains of Drosophila as a
consequence of space flight.1l1 Similar circumstances are
also reported to result in an increased frequency of chro
mosome .anomalies (non-disjunction) in germ cells of
Drosoph1la.1l2 The intensity of cosmic radiation during
flight was insufficient to account for these phenomena
and an influence of some other factors must be suspected:

80. It l;as been hypothesi~ed that .the geneti.c response
?f a specl~s to the factors m~uencrng mutation rate is
Itself modified through sele~tlOn. This concept presup
poses the existence of an optimum mutation rate for sur
vival of. a species ;1l8-llfi if the mutation rate is too high
the species may be crushed under a heavy mutational load
and if it is too low the species may not be able to adapt to
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(a) When spermatogonia are exposed to doses of
300-600 r at a rate of 8.5 X lO-a tlmin (90 r /week), the

I frequency of induced mutations is less by a factor of

I

about fourthan is the freque.ncy following the same dose
delivered at a rate of 90 r/mm;

I (b) There is an even more pronounced dose-rate

I

effect in parallel studies of irradiated oocytes ;
-(c) The dose-rate effect for spermatogonia is not

I

demonstrably greater when the lower rate of delivery is
reduced from 8.5 X 10-8t/min to 1 X 10-8r/min;

I (d) Most of the dose-rate effect in spermatogonia is
'displayed within the range of 24 ryrnin and 0.8 rlmin,
'Whereas in females the range of effectiveness appears to
be greater;
'I (e) As in Drosophila, no dose-rate effect is evident in
;;permatozoa.

\ 86. In Drosophila a significant dose-rate effect on
ethal mutations in chromosome II has been reported
'Vi t h irradiation of oogonia 128 and sperrnatogonia.P" In
Ipermatogonia, a lowering of the intensity from 0.10
I/min to 0.01 rlmin at a total dose of 200 r results in a
:ignificant reduction in mutation frequency. However, a
lose-rate effect for contrasting doses of 2 rlmin and
eOO rlmin at a total dose of 3,000 r gamma radiation has
et been observed. In the silkworm there have been
ound two different types of dose-rate dependence of
!LUtations affecting egg colour and induced during early
Irval development. 97 In one type the mutagenic effective
eas of chronic irradiation at 0.15 rlmin is lower than
[at of acute irradiation at 320 rlmin, and in the other
,e mutagenic effectiveness is higher with chronic irradi
~ion than with acute irradiation. The former is observed
ILly in the very young larval stage when primordial cells
le prevalent in the gonads, whereas the latter is found
l1.en germ cells are irradiated in later stages of develop
errt, This latter result, which is opposite to the expected
I=ect of dose rate, may not be a dose-rate effect on the
'I~tation process, for it is suspected that cell selection is
d ucing theyield of mutants at the high dose rate. In any
se, it resembles an effect observed at a high dose rate
\the mouse, where a dose of 1,000 r gave fewer muta
Ins than a dose of 600 r.120 Cell selection was invoked
account for this odd result also. In the chalcid wasp
Ihlbominus no significant dose-rate effect on mutations
!ecting eye colour has been found when female larvae
Ileive a total dose of 1,000r at 1,000r /min and at 0.17
o i n rso
\ .
i~7. Although some of the factors that affect the dose
;I~ phenomenon have been uncovered, investigation has
yet proceeded far enough to elucidate the mechanism

oIved. Nevertheless, there is strong evidence that it is
Imutation process itself which is affected. Thus, cell
Iction, which may at times play a role, can, in some
':ific instances, be eliminated as the causal factor. For
!mple, the effect is observed in those mouse oocyte
11:c1e stages in which cell-killing by the doses of radia-
used is negligible.ua,m. Furthermore, the amount of

l"YTIatogonial killing induced by radiation is approxi
ely constant over a range of dose rates in which the
I~-rate effect on mutation is evident.1.25,l.31,la2 If the
banism for the dose-rate effect does indeed involve
lrrutation process itself, then it seems likely that some
I of "repair" of pre-mutational damage must be tak
place at the lower dose rates.P" It has been sug
:~d138 that many of the mutations observed at the
in loci under study may be a consequenceof multi-hit
!mosomal aberrations which would be expected to
Ir with reduced frequency at low dose rates.134,185
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However, there are several lines of evidence, including
the shape of the dose-effect curve, that suggest that, al
though multi-hit aberrations are easily induced by ra.dia
tion in mouse spermatozoa, the specific-locus mutations
induced in mouse spermatogonia are almost never asso
ciated with such multi-hit effects. Most mutations in
Drosophila spermatogonia also ~ppear not to be a re~ult
of multi-hit aberrations. This evidence supports the View
that the specific-locus mutations induced in spermato
gonia of the mouse are point mutations or extremely
small deficiencies,88,lB6,:J.37 and that it is repair of the
pre-mutational damage associated with this type of muta
tion that is involved in the dose-rate effect. l27 Current
investigations in other organisms confirm the existence
of processes of natural repair or elimination of pre
mutational (primary) damage at low dose rates. The
subject of repair will be discussed in detail in the next
section.

"Repair" of pre-mutaiionol damage

88. Studies of a variety of organisms have indicated
that the process of induction of mutation is not irre
versibly fixed at the time of irradiation; but that there is
a limited interval between the absorption of radiation
energy and the completion of the mutation process during
which, depending on the physiological state of the cells,
modification of pre-mutational damage is possible, Repair
of broken chromosomes by restitutional unions of the
breakage ends has been known for a long time and has
been studied in some detail. The subject has recently
been reviewed.v" Though there are some reasons to think
that restitution and recovery from pre-rnutational dam
age are separate though analogous phenomena, this dis
tinction has not been established by experimental means.

89. In Paramecium, post-irradiation treatments are
known to alter the extent of recessive damage from a
given radiation exposure, provided they are applied be
fore a certain critical stage has been reached in the
subsequent division cycle. Moreover, in cells not receiv
ing post-irradiation treatment, the effect of irradiation is
increased the later it is administered prior to that critical
stage.B O

- H1. It was shown earlier that a large fraction of
the mutational effect of exposure of bacterial cells to
ionizing radiation can be reduced by post-irradiation
treatment with chemical reagents in certain circurn
stances.r'" A similar pattern of results has been observed
when investigators have worked with DV instead of
ionizing radiationys-l.60 It now appears that all these
results are consistent with the hypothesis that the ter
minal event for fixation of some major part of the poten
tial mutation corresponds to the first post-irradiation
replication of DNA.1.44,147,1.48, 151

90. Recent data. obtained with Drosophila show that
modification of pre-mutational damage is possible in
sperrnatids, meiotic stages, and late spennatogonia.152

-
u 7

In cells with peak sensitivity, spennatids and spermato
cytes, post-treatment with cyanide following exposure to
X-rays at a high dose rate may lead to either an increase
or a decrease in radiation-induced mutation frequency.
Inhibition of oxidative respiration by means of post
treatment with nitrogen causes an increase in mutation
frequency in spermatids, meiotic stages, and spermato
gonia. On the other hand, fractionation of a dose given
at an intensity of 55 rlsec results in a decrease of the
mutation frequency in exactly those stages where cyanide
is effective. Inhibition of protein synthesis by means of
pre-treatment with either chloramphenicol or ribonu
cleaseleads to a significant reduction in the frequency of
mutation 10 sperrnatids, and 10 the case of chlorampheni-



102
~i"el
~e;

bcing
I,a tl
ilimgt
~fJ.lll

lctualJ
tclibel
Jlmule
r~!boo
r.ngeml

, "fOSitio
Itnflis

col in the earlier stages as well. Since a ring-shaped X
chromosome has been used in such exp~rIments, the,
reported changes refer to lethal gene mutations and pos~
sibly to small deletions. These results hav~ been explamed
by assuming that, in analogy to the findings m Parome
dum two contrasting processes are involved, one
asso~iated with the rate of disappearance of pre-m?ta
tional damage, the other with the time or rate reqU1:ed
for its fixation.'? Thus the enhancement of mutation
frequency after post-tre~tmentwith nitrogen i~ thought
to result from an inhibition of the metabolic repair
process. On the other hand, the reduced mutation fre
quency observed after pre-treatment With. bo.tl~ .chlor
amphenicol and ribonuclease sug~ests that mh~bltlOn of
protein synthesis prolongs the time-span aval~ab.le for
repair of pre-mutational damage. Although It IS not
known at present what ~rocess is i.nvolved in fixation of
pre-mutational damage m sperrnatids, the reported find
ings suggest a corresponde?-ce of repair m~chanisms in
such widely different organisms as Drosophila and Para
mecium.

91. The interaction of oxygen and X-rays in the pro
duction of genetic damage, a~ detected in the p,rogeny of
irradiated males of Drosoph~la, has be~n studied ext~n
sively.158-105 Dose-fractionation experiments, m which
part of the dose is delivered in nitrogen and part in air
or oxygen, indicate that X-irradiation destroys a protec
tive oxygen-sensitive system. It has been variously pos
tulated that this system acts to reduce the mitral amount
of damage and that it acts to increase the amount of
repair. The system affects both recessive lethals and
chromosome aberrations.

92. Table VII summarizes some of the phenomena and
material studied both before and since the drafting of
the Committee's 1958 report. The similarity of the effects
observ:ed is striking, considering the wide range of or
ganisms observed. From these data it can be concluded
that a proportion of radiation-induced mutational Orpre
mutational changes are subject to natural repair for a
finite but relatively brief period after they occur, and that
the natural repair process itself is subject to interference
by radiation and by metabolic inhibitors. It is important
to determine whether this effect is applicable to man, and
if so, the single dose-levels or continuous dose-rates at
which the natural repair processes are effective, and the
critical period of time and the circumstances under which
they act. It is emphasized that probably not all pre
mutational damage is reparable and that a linear dose
mutation relationship independent of dose-rate is to be
exp~cted at low doses which do not appreciably affect the
repair process.

Locus speciftcity

93. Both the natural and induced rates of mutation
have long been known to vary markedly at different loci
in various organisms. This observation has now been
firmly established in the mouse.w 180 Among the seven
l?ci u~der study, the lowest and highest rates for muta
h~ns md~ce~ m spermatogonia differ by a factor of
thirty. This information IS based on 174 mutations in
duced with doses of 300-1,000 r and high-dose rates. Of
these, seventy-one mutations were induced at locus s
ninety-nine were induced among the four loci, b, c, d and
p'.and only four were induced at the two loci, a and se.
Nmety-two of the mutations were analysed for viability
of the homozygotes. Seventy-one (77 per cent) were
lethal prior to matt;tn~y. and twenty-one were viable.
There was some variability among the seven loci in this
respect also. All the twelve mutations at the locus d and
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all thirty-eight at the locus s were lethal. ~n c0!ltrast, of
those at loci b, c and p, twenty out of thirty-eight were
viable.

Sex ond stage of gametogellesis

94. The frequency of radiation-induced mutations can
be influenced both by sex and by stage of gametogenesis,
The cell stages of greatest import~nce in detennining
radiation hazards to man are the ?oc?~e and s'pe~ato
gonial, and the genetic effect of ioruzmg radiation On
these stages of the germ cells of mammals h~s r.eceived
considerable attention.10B-168 The most extensive Investi·
gations have been concerned with the mouse.

95. Male mice irradiated with doses as high as 1,0001
maintain their fertility briefly, and then undergo a period
of sterility. N ear-normal fertility is then resumed. The
temporary sterility is a consequence of the fact that
certain spermatogonial stages are extremely sensitive to
irradiation.109,17o Cells in these stages have an LD10 of
20 to 40 r. However, a few of the early type A spermam.
genial cells survive high radiation doses; these cells
repopulate the germinal epithelium and are responsible
for the resumption of fertility of the irradiated animal,
The existence of the sterile period aids in distinguishing ID

between genetic effects induced in spermatogonial and 10
post-spermatogonial stages. i'3

96. Irradiation of female mice with doses as low as 00
50 r can result in permanent sterility after an initial till

Per iod of post-irradiation fertility. A dose-rate effect on . ihl
this induced sterility has been detected.v" The perms- mn
nency of induced sterility is attributable to the fact that of
the majority of oocytes are in early stages of follicular Oil(

development, and are extremely sensitive to radiation, 4r.
Since there is no new formation of oocytes in the adult (lit

mouse ovary, sterility sets in when the supply of radio- 1ft<
resistant oocytes in older follicles is exhausted. lIe

Xer
97. It has been possible to distinguish two kinds of f.lsl

radiation-induced cell death in different types of genn inra
cells in mouse gonads. Most spermatogonia die irnme- llie (
diately after irradiation, while spermatocytes show no mool
response until they reach the meiotic divisions. In both ut11 .~ce types, chromosome damage in the classical sense of mire.
aneuploidy can, at most, account for only a small part of
the cell loss.v" A similar situation has been found in the
rat-kangaroo.':" These studies suggest that chromosomal
~am<!:ge is a .minor cause of cell death in sperrnatogona
Irradiated With moderate doses. The subject of the radio,
sensitivity of the gonads is treated more full)' in annexD,

98. Peak sensitivity to the induction of dominant
lethals and recessive visibles in the mouse has been found
in spennatids and spermatocytes1U-118 for the male, and
metaphase primary oocytes for the fernale.P" With an
acute .dose of 300.r of X-rays, the mean frequency for
mutatIOns at. specific loci f?llowing irradiation of post
sperl11atog011lal stages IS twice that induced in spermato
gonia.m It has also been shown that exposure of adult
females to an acute dose of 200 r of Xvrays results in
more mutations than a similar exposure 0 f 17;h dayold
foetuses. In males the induced-mutation frequency has
also been observed to be higher in adults than in foetuses,
but the difference is not statistically significant.r" I

IOU
99. Th~ ratios of induced mutation frequencies at tile ~httd

seven lOCI under study in mice differs with irradiation f;!lnim
of sp~rm~togonial and post-spermatogonial stages.S!,lSI tJ1c!og!(
De~cle1?-cles large enough to involve both the d and se ~i~~S, r

lOCI (with cross-o,:er va!ue of 0.16 per cent) arc conun~n . !~tence
among the mutations induced in post-spermatogonial ~')Jlm;\

! l\lra~l!;



cells, but irradiation of spermatogonia yields such dele
tions only with extremely low frequency, if at all. Such
deficiencies are, however, induced in oocytes. It thus
seems that mutations contributed to progeny as a result
of spermatogonial irradiation differ systematically from
those due to post-spermatogonial and oocyte irradiation.

100. In Drosophila, the influence of sex and stage of
gametogenesis in radiation-induced mutations is well
documented.72,180,181,829 The lowest and highest frequen
cies of induced mutation for a given radiation dose vary
by a factor of fifteen. Spermatogonia and oogonia are the
least sensitive; cocytes are somewhat more sensitive than
oogonia, In contrast, spermatocytes and spermatids are
several times more sensitive than spermatogonia. Sper
matozoa vary in sensitivity depending on their stage of
maturity. The difference in radio-sensitivity between
Drosophila sperm and spermatids is attributable both to
differences in 02-tension164,182-186 and to changes asso
ciated with protein synthesis.u s-1BB

Species specificity
101. Species differ widely in their genetic sensitivity

to radiation. The induced rate of mutation at the seven
loci studied in mice is about fifteen times that for a com
parable group of loci in Drosophila.187 Comparisons of
dominant lethals in mammals and Drosophila18B and of
chromosome mutation in plants189have likewise indicated
the existence of species specificity. Radio-sensitivity in
different species of rodents has been determined in terms
of the number of chromosome rearrangements in the
nuclei of spermatogonia exposed to a low acute dose of
4 r."lGO,101 Such measurements are difficult to make be
cause the frequency of chromosome breakage varies
greatly in different cell stages, a fact which can lead to
the confounding of species and cell-stage differences.
INeverthe1ess, the percentage of cells with rearrangements
lhas been reported to vary from 2.6 in guinea pigs to 0.6lin rats, 0.2 in mice, and 0.1 in rabbits. A comparison of
ithe cytogenetic radio-sensitivity of germ cells of the
,monkey and mouse at doses from 50 to 400 r has sug
gested that sensitivity of monkeys is twice that of
'mice.:L68,102

INDUCED CHROMOSOME ABERRATIONS

102. Because some serious hereditary defects in man
I~ave recently been found to be associated with chromo
,wme aberrations, the role of ionizing radiation in pro
i:lucing these anomalies will be considered in detail. The
i:act that radiation can cause extensive chromosome
\:hanges has been known for many years; investigations
p plants!" and in animals''? have been reviewed in detail.
i\.ctually, it is not always possible to make a sharp distinc
ion between gene mutation and chromosome aberration.
i.1inute chromosome aberrations often cannot be distin
IUished from gene mutations. Furthermore, rear
,angements of chromosome segments sometimes involve
[position effects" in which the phenotypic expression of
lenes is altered.s"

Observations on experimentalorganisms
103. One of the most suitable organisms for studies of

,lduced chromosomal changes is Drosophila; in this
rganism small chromosome changes can be detected
!rtologically by examination of salivary gland chromo
llmes. Furthermore, detailed information on the linear
i:quence of specific loci is available. Although observa
ons made with this organism cannot be used for direct
Ictrapolation to man, they nevertheless serve as a useful
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guide to those effects which might be expected. They are
briefly summarized here.

104. Most of the Drosophila information has been ob
tained through irradiation of spermatozoa. Aberrations
are detected in either the first or subsequent generations
following irradiation. Cytological as well as genetic tech
niques can be used for this purpose,

105. Viable aberrations resulting from chromosome
breakage include duplications, deficiencies, and intra- or
inter-chromosome rearrangements, The ability of indi
viduals with deficiencies or duplications to survive this
aneuploidy depends upon the length and genic content of
the segments involved. Both duplications and deficiencies
upset genic balance, and tend to lower viability and to be
transmitted as recessive lethals. Viable intra- and inter
chromosome rearrangements include inversions and
transpositions of segments within chromosomes, as well
as translocations between chromosomes, These aberra
tions do not involve aneuploidy, and affected individuals
are phenotypically normal if "position effect" is not in
volved. However, their progeny may be genetically
normal, or again contain the balanced rearrangement, or
be aneuploid.

106. At low doses, the frequency of individuals with
aberrations caused by single breaks tends to increase
linearly with dose. In some instances it has been noted
that small intercalary deficiencies also increase linearly
with dose. The frequency of individuals with aberrations
caused by two breaks, such as inversions and transloca
tions, increases more rapidly than the first power of the
dose, approaching the second power of the dose at lower
levels of treatment.

107. Whole-chromosome aneuploidy in Drosophila is
also caused by ionizing radiation. The induction of pri
mary non-disjunction was first reported in 192J.104,m
Using irradiated females of Drosophilavirilis it has been
demonstrated that there is a linear increase in the occur
rence of primaryXO males in the dose-range 400-1,200 1',

and that the induced rate of occurrence of XO males is
approximately 1 X lO-6/r/ egg.:l96,197 The rate of occur
rence of XO males is approximately fifteen times that of
XXY females. The ratio of XO :XXY flies is thus
greater than the naturally-occurring ratio which is about
4:1. More recently a similar investigation has been car
ried out with Drosophila melonoqaster." With exposure
to doses of 600 1', 2,400 r, and 3,600 1', the frequency of
non-disjunctional males increased at a rate Of approxi
mately 2.5 - 3,0 X 10-B/ r. Non-disjunctional males
were more frequent than non-disjunctional females by
about one order of magnitude.

108. In mice, gross chromosomal anomalies are rarely
found as a consequence of irradiation of parental pre
meiotic germ cells. This rarity has sometimes been attrib
uted to failure of transmission rather than to lack of
occurrence. However, for at least two types of chro
mosomal aberrations, reciprocal translocations and dele
tions, this explanation does not seem to be correct.
Translocations induced in post-meiotic stages can be
transmitted through subsequent meioses to become heri
table traits.1M Thus, a more likely explanation for the
rarity of these aberrations following pre-meiotic irradia
tion is either that the necessary chromosome breaks do
not occur or that the broken parts do 110t exchange. The
same situation exists for deletions. An exhaustive study
of what appear to be deletions in the dose region of link
age group II in the mouse has shown that these are pro
duced as a consequence of post-spermatogonial and



oocyte irradiation, but not of spermatogo~ial irradia
tion.B8 Transmission of the induced deletions ranges
from poor to normal or near no.rmal. Since transmission
is possible, it is apparent that either lack of breakage or
rejoining is responsible for the non-appearance of the
deletions following spermatogonial irradiation.

109. Some types of chromosomal damage are, how
ever, produced with high frequency by irradiation of
spermatogonia. Many abnormal anaphases have been
found in spermatogonial cells of monkeys two years after
exposure.s" More recently, cytological evidence of chro
mosome damage in irradiated spermatocytes has been
noted at the first post-irradiation cell division in mice.m

Those particular types of aberration probably cause cell
death before maturation of the gametes. However, a
recent report suggests that structural changes induced in
pre-meiotic germ cells can occasionally be transmitted to
progeny.v"

110. Data on the induction of whole-chromosome
changes in the mouse are at present largely restricted to
sex-chromosome changes. Experimental work in this
field has de....eloped rapidly in recent years." The avail
ability of useful sex-linked marker genes and improve
ment in cytological techniques have contributed to this
progress. The sex-determining mechanism of man has
recently been shown to be much more similar to that of
the mouse than it is to that of Drosophila.

111. In mice, irradiation of sperm increases the fre
quency with which paternal sex-chromosomes are lost:
1.3 per cent of progeny suffered such a loss after a dose
of 600 r as compared with 0.1 per cent in the con
tropoO,201 However, the bulk of spontaneously occurring
XO individuals are believed to arise from events follow
ing sperm entry into the vitellus.B5,202,208 Irradiation of
the zygote in the interval between sperm penetration and
the first cleavage is particularly effective in inducing loss
of a sex chromosome. Thus, 100 r yielded 5 per cent XO
individuals as compared with 1 per cent for controls. Both
maternal and paternal losses can be induced by radiation,
whereas only paternal losses have occurred in the con
trols. No autosome loss has been detected in these experi
ments in which four and in some cases five autosomes
carried genetic markers. This suggests that such losses
if they occur with an appreciable frequency, are lethal. '

112. Extensive investigations of the in vitro cyto
genetic effects of radiation on mammalian somatic cells
have been undertaken. Although from the point of view
of heredity the important chromosomes are those of the
germ.cells, these stud~es of the radio-sensitivity of
somatic cellsyr?vlde a direct method for determining the
effect of radiation on chromosomes. It is to be expected
that they will play an important role in the future. Meas
~rements are usually based on the frequencies of aberra
tions detected at the first post-irradiation cell division
because many types of aberration are lost in subsequent
dIVISIOns. Commonly-used mammals include the Chinese
hamster/04-20B the mouse20T-20D and the monkey.206

. 113. Most of the previously known types of aberra
tions have been d~tected in these investigations. Breaks
are of the chromatid or chromosome type depending upon
'Yhether. the chromosomes are effectively double at the
tune of Irr~dlatton. Data on the frequency of breaks are
not always In good agreement and It is apparent that one
of the influencing factors is the method by which cells
arc cultured, Nevertheless reproducibility of results is
good under standard conditions.

. 114. A~ is to be expected, terminal deletions increase
linearly With the dose but total breakage Occursmore fre-
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quently than the first po~er .of the do~e.206 At low doses
a measure based on linearity IS of practical use but a more
accurate measure of damage is the "coefficient of aberra
tion production'V" Values for chromatid aberrations in
vitro cultures of epithelioid-type cells of monkeys and
Chinese hamsters have been found to be in general agree
ment with those for Tradescantia microspores.V'

115. With experimental mammals it is possible to
compare the in vitro and in vivo rate of induction of
visible chromosome aberrations. Somatic cells cultured
in vitro frequently have a much higher spontaneous mu
tation rate than do in vivo cells.211 However, investiga
tions with Chinese hamsters and with monkeys indicate
that the radiation-induced aberration rate of epithelioid
type cells cultured in vitro is not greatly different from
that of rapidly dividing cells i1t vivo. 205, 206

Observations on human cells

116. No measure of the radiation sensitivity of human
germ cells has yet been made. Nor have extensive quan
titative measurements been made of chromosomal dam
age induced in somatic cells of individuals. However, it
has been clearly shown that chromosomal aberrations are
produced.46,212-216 This subject is dealt with in annex D,
paragraphs 155 to 158.

117. The effect of ionizing radiation on chromosomes
of human cells cultured in vitro has received considerable
attention in recent years.206.21T-228 As with experimental
mammals, data on the frequency with which breaks occur
are not in good agreement. For epithelioid-type cells the
observed rate at metaphase is about O.3JcellJ100 too,ut
but for "fibroblasts" the rate is about 2JcellJ100 r.m,m
The frequency of chromosome breaks has been reported
to be 0.9JcellJlOO r for fibroblast-type cells220 and 2/celJj
100 r for leucocytes in freshly-drawn human bloodp1
The coefficients of aberration production for chromatid
breaks in epithelioid-type cells in vitro and for chrome
some breaks in leucocytes are in remarkably good agree
ment with those for Tradescantia miscrospores and for
chromatid breakage in epithelioid-type cells of the
monkey and Chinese hamster.v'"

COMPARABILITY OF RADIATION-INDUCED AND
NATURALLY-OCCURRING MUTATIONS

. 118. ~a~kind has long been exposed to natural radia
tion and It IS to be expected that an increase in the level
of exposure would not result in any mutations which i

hav~ not occurred in the past. Nevertheless, natural
radiation IS 0~1~ one of the causes of "spontaneous"
~utatlOn and It IS therefore possible that there may be
differences between the spectra of radiation-induced and
naturally-occurring mutations.

119. Evidence concerning the comparability of the
two sorts of mutations was presented in the Committee's
last report. 224 Most of this information came from studies
with lower organisms and suggested that, in general,
mutations Induced by ionizing radiation are similar in
kind to those of natural origin.

. 12~. There is evidence that in Drosophila the radia
tion-induced and natural rates of sex-linked recessive
lethal mutations are similarly affected by sex and stage of
gametogenesis.T2 Close correspondence between induced \
and Spontaneous mutations is not found however in 1
mlce.1ST Furthermore, in mice loss of th~ maternal X
chromosome can easily be. induced by irradiation but
spontaneous maternal loss IS very rare.B5 There is also



very good evidence from E. coli that the natural mu
tabilities of loci are sometimes not correlated with. their
radiation-induced mutabilities.v"

V. Effects observed in descendants of irradiated
populations

INDUCED MUTATIONS IN THE IMMEDIATE PROGENY OF
IRRADIATED HUMANS

121. Direct observations of the genetic consequences
to man of exposure to ionizing radiation are now limited
to observations of first-generation offspring. Such sur
veys can be expected to detect only autosomal dominant
or sex-linked gene mutations and chromosome aberra
tions. Among the difficulties of such inquiries are those
of estimating the gonad doses actually received by par
ents, and the small absolute and relative increases to be
expected in the frequency of traits determined by such
mutations.

122. In these surveys, the data are usually concerned
wi th such matters as abortion, still birth, neonatal death,
congenital malformation, and shifts in the sex-ratio of
progeny. Results frequently indicate a detrimental effect
of radiation but this is seldom statistically significant.
One study detected a significant effect of radiation on the
frequency of congenital malformations in the progeny of
irradiated individuals but interpretation is hampered by
the incomplete response to the questionnaires used. 225
Another similar study failed to show this effect.226 The
most extensive survey was carried out in the Japanese
cities of Hiroshima and Nagasaki following the atomic
bombings; data were collected on more than 30,000 off
spring of irradiated parents and on a comparable control
group.lm Observations were made of still births, neonatal
deaths, birth weight and congenital malformations. An
alysis of these data failed to detect a significant effect of
radiation on either the frequency of early death or con
genital malformations. It did, however, detect a signifi
cant shift in the sex-ratio of immediate progeny. More
recently, an analysis of the same data by an independ~nt

investigator has produced statistical significance of radia
tion effects for some other categories of defects and also
for over-all early death of progeny.228,229

123. The comparatively high frequencies of Down's
md Klinefelter's syndromes permit the effect of parental
rradiation on the incidence of these defects in offspring
o be studied with relatively little effort. Three such in
restigations have already been reported. In one of these
he radiation history was obtained of the mothers of
.ighty-one children with Down's syndrome, nine~y-one

hildren with cleft lip and seventy-one children WIth no
lef'ect, A possible association between maternal irradia
ion and Down's syndrome was indicated."? However,
esults of the other two investigations, one of which in
olved fifty-one patients with Down's syndrome and
:fty-one controls.F'? the other 197 patients and 197 con
rols,232 were completely negative.

124. A survey of the incidence of congenital,malfor
iations in different regions has indic~ted that hi~her .m
.dences are associated with geographical areas WIthhigh
ackground radiation.v" Another survey has reported
rat the frequency of ma1!or~ationvaries with th~ geo
iagrietic latitude to which is related the cosmic-ray
'lergy f1ux.284 However, it is difficult to prove that natu
11 radiation is the direct influencing factor.

125. A shift in the proportion of male offspring of
radiated individuals has been considered one of the best
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available methods for detecting induced genetic damage
in humans and for estimating its extent. Six such studies
have been reported.2z5• 22T. 285-23B In interpreting the re
sults, the effect of maternal irradiation is more appro
priately considered independently of t~e effect. of pater
nal irradiation. The effect of maternal irradiation on the
proportion of male offspring is summarized in table VIII.
A consistent reduction in proportion of male offspring
has occurred following maternal irradiation. In terms of
the simplest genetic interpretation, this can be a;ttributed
to the induction, in irradiated women, of sex-linked re
cessive mutations having a lethal effect on the foetus. The
effect of paternal irradiation is summarized in table IX,
These latter data are not amenable to a single interpreta
tion; the proportion of male offspring is apparently in
creased with higher doses, but, in at least some instances,
reduced with low doses. The former effect is interpreta
ble in terms of the induction of dominant sex-linked
lethals. However, the validity of such a simple genetic
interpretation has been questioned on the grounds that the
Y chromosome cannot be considered genetically inert. 289
In addition, the induction of XO and XXY karyotypes
may also affect the relative frequency of male and female
offspring. Furthermore, explanations based on the as
sumption that the effect on sex ratio is due to damage to
sex chromosomes cannot be accepted without reservation.
For instance the drop in proportion of males which has
sometimes b~en noted could be attributed to autosomal
mutations which further increase the existing higher
mortality of males. The occasionally erratic control
values must also be considered in any interpretation.

INDUCED MUTATIONS IN THE IMMEDIATE PROGENY OF
IRRADIATED MAMMALS

126. By means of properly controlled experiments it
is possible to detect induced dominant mutations in 0e
immediate progeny of irradiated mammals. Current m
formation has been obtained principally from mice. In
mammals it is particularly difficult to distinguish between
gene mutations and minor chromosomal changes.
Reduction in litter size, following irradiation of sperma
tozoa or oocytes, is most plausibly explain~d in terms of
the induction of chromosome aberration, although
gene mutations may also be involved.

127. Spermatogonial cells and oocytes are of greatest
concern in a consideration of radiation hazards. Oocytes
are not replenished, and it has been shown that there is
no significant change in mutation rate with time after
irradiation of spermatogonia.s-? Irradiation of sperma
togonia has much less effect on litter size than does irradi
ation of later germ-cell stages. This no doubt reflects a
drastic reduction in frequency of gross chromosome
aberrations. For instance, individuals with deficiencies
involving more than one gene locus a~e commonly fou?-d
after irradiation of post-spermatogonial cells but irradia
tion of spermatogonia yields such deletions only with
extremely low frequency, if at all. These aberrations do
occur, however, among progeny produced after irradia
tion of oocytes.": 181

128. The fact that dominant detrimental mutations are
induced and transmitted after irradiation of post-sperm
atogonial stages has been demonstrated by a shortening
of the life span in the offspring of male mice exposed to
neutrons.w' In another study, a significant increase in
certain types of skeletal abnormalities was found in the
first-generation descendan.ts of irradi~ted. male mi~e.242
Evidence that some dominant lethality IS transmitted
after irradiation of spermatogonia has been provided by



DIRECT APPROACH

137. An estimate of the genetic hazards of radiation
to t;1an can, in principle, be obtained by a direct corn
panson of the descendants of irradiated with those of
contra! populations, To be reliable, such surveys must be
extensive, since most severe genetic defects tend to be
rare. Further~ore, many. aspects of genetic 'well-being
must be considered and It IS desirable to continue tile
observations over many generations. These conditions
have not been fulfilled in any study to date. All surveys
made so fa~ have, in additi~n, been hampered by prob
lems of dosirnetry and the difficulty of obtaining pro~er
controls. In, the most ~xte~slVeof these, that dealingwl~
the populations of Hiroshima and Nagasaki, the investi-
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analysis of the cause of litter-size r~du.ction fOllowing
exposure to 1,200r.10SThe same d~ta indicate that tra~s
locations are occasionally found m progeny following
irradiation of spermatogonial cells.

129. The specific-locus ~ethod o~ detecting mu~ations
in mice has yielded further information ?n the dominance
of mutations induced in spermatogonia. About three
quarters of all the induced mutations have been recessive
lethals. However some of these have a visible effect on
the heterozygote.isBIn a freely-breeding population these
mutations might well produce greater total damage as
heterozygotes than as homozygotes.

130. In mice, several studies of the effect of paternal
irradiation have not revealed any consistent effect on the
sex ratio of offspring.u B, 280,246 Another comprehensive
investigation has shown that although the presence of
sex-linked recessive lethals in the second generation
progeny of irradiated males can be detected, nevertheless
sex-ratio changes do not now provide a reliable method
of estimating the genetic hazards of radiation because of
the complexity of factors governing this ratio.244 This
complexity has been emphasized by the fact that strain
differences in the ratio can be obtained through differen
tial selection for low and high blood pH.245 In fowl, a
significant decrease in the frequency of female progeny
resulting after exposure of male birds to 600 r has been
noted.246 In Drosophila, most investigations have demon
strated some tendency toward an excess of males among
the progeny of irradiated males.UT, 248 A significant shift
in this direction has been reported recently.v" Research
on sex-ratio shifts needs to be continued in the hope of
laying a firm foundation for the application of this
method in analyses of radiation-induced mutation in man.

POLYGENIC TRAITS

131. The subject of polygenic traits was treated at
some length in the 1958report with special reference to
intelligence, life span and birth weight.n o Attention was
drawn to the paucity of information regarding the in
heritance of continuously varying, or quantitative, traits.
These traits, which are influenced to varying degrees by
many genes, present a special problem in the estimation
of genetic hazards of ionizing radiation to populations.
For example, intelligence is influenced by certain rare
genes having major effects and by a multiplicity of genes,
each with a small effect. In those instances where a mu
tation has a drastic effect on the trait, or concomitant
effects on some other trait, it is individually identifiable
!!-nd classed as.~ qualitative mutation. Mutations resulting
m such conditions as phenylketonuna and mongolism
belong to this category. Where the effect is less drastic
no such identification is possible. Furthermore, the fre
quency of ml;1tations having minor effects is many times
greater tI;an IS the frequency of mutations having major
effects. :r:1ll~lly, a great .deal of genetic variability within
these tr~l.lts. IS c0l1;t;10n m a normal population, and phe
notype IS, III addition, often strongly influenced by the
environment, In such circumstances the relative contribu
ti01"!s of ~er~~ity and environment to the over-all pheno
tyPIC variability are difficult to determine. A few traits
suc~ as dermal-ridge. count, are relatively unaffected by
envlro~ment after birth ; here a more accurate genetic
analysis can be made.25l However, the role of mutation in
supporting the genetic variability of polygenic traits has
defied any simple analysis.

. 132. Because rates of mutation of the individual genes
In a polygenic system cannot be studied, most investi-

gators have adopted the procedure ?f expre~singinduce.d
mutation in terms of the resulting increase In the genetic
component of the variance, with or without reference to
the genetic component ob.se~vcd III natur~l outbred popu.
lations. The extent of this Increase has, In general, been
measured either directly by variance analysis Or indi·
rectly by calculation of the ~apacit:l" .of ar.l irradia!ed
population to respond to selech~n. Pertinent IIlfOr~!lon
from experiments concerned WIth natural and radiatim,
induced mutation rates is summarized in table XI.

133. Such experiments are of special value in indicat.
ing whether the genes dete\o:ining polygenic .tra!t~differ
in their pattern of mutability from those mdlV1duaUy
recognized through discrete changes. Estimates of
doubling dose for abdominal and sternopleural bristlesin
Drosophila agree well with those for major genes.1n On
the other hand, the estimated induced rates for polygenes
controlling viability are high. m

134. Loss of genetic variance per generation in an
unselected, random-mating Drosophila population of
limited size is only a small portion of the natural vari
ability of the species. Polygcnic traits arc evidently well
buffered against the effects of mutation. Thus the radia
tion damage from an increased rate of polygene mutation,
although possibly considerable when summed over many
generations, is probably small in its impact on the first
few generations. Variability in these traits may be main
tained in part by a balance of selective forces, a possi
bility which further complicates the estimation of radia·
tion-induced mutational damage to polygenic systems in
an organism such as man, that cannot be directly experi·
mented on.

135. The learning ability, as measured by a maze test,
of a population of rats which were irradiated in eaclJ
generation has decreased in preliminary experiments,"
If further experiments exclude other interpretations,
these results will support the view that radiation results
in the induction of many small but deleterious mutations.
Again, a significant accumulation of recessive or sub
lethal mutations affecting ability to survive irradiation I

has been reported in mice after ten generations of
chronic gamma irradiation.25~

VI. Interpretation

136. T?e preceding sections of this annex were con
cerned WIth the genetic concepts and information now
available . for estimating the hereditary effects of an
mcr.ease III !he level of ionizing radiation. The present
section considers the practical problems involved in for'
mulating reliable estimates from this knowledge.
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gators were unable to detect a significant effect of radia
tion on either the frequency of early death or the occur
rence of malformations. At least, this negative finding
suggests that the human genetic mechanism is not sub
stantially more sensitive to radiation than are those of
other organisms that have been investigated. It has been
suggested that the acute dose required to double the
frequency of mutations causing the defects under study
is probably more than 10 r. 227 The Japanese survey
detected, as did others of lesser scope, a shift in the pro
portion of first generation male offspring suggestive of
the induction of sex-linked lethal damage in irradiated
parents. The precise nature of this damage is not known
at present.

INDIRECT APPROACHES

138. Indirect approaches attempt to predict the genetic
consequences of exposure to ionizing radiations through
an understanding of basic genetic mechanisms and their
reaction to radiation. More specifically, estimates are
derived through a knowledge of the prevalence of natu
rally-occurring hereditary ill health within a population,
the role of mutation in supporting this burden, and the
r~lation between the dose of radiation and the mutation
rate in man.

The prevalence of hereditary diseases and defects

139. There is probably a genetic component in the
aetiology of most diseases. It is now estimated that about
6 per cent of all live-born suffer at some time during their
lives from serious disabilities in which this component is
either known or suspected to be of major importance.
Without doubt the estimate of natural genetic burden will
increase with future research. In about one third of these
disabilities, those of categories la, Ib, and IV, the genetic
component is high and the underlying genetic mechanism
is understood. Of these defects, about half are associated
with what appear to be specific alleles, and about half
are associated with gross chromosome anomalies. For the
remainder of the defects, the developmental malforma
tions and serious constitutional disorders of categories
II and Ill, neither the size of the genetic component nor
its underlying genetic mechanism is known with any
assurance. These disabilities are almost certainly hetero
geneous in aetiology; some are probably almost com
pletely environmental in origin, but in others genotype
may be an important factor. However, even where the
importance of genetic constitution is suspected, the basic
nature of the fault is not clear; complex constellations of
genes, specific alleles of low penetrance, or cytologically
undetected chromosome aberrations may be responsible.

140. The amount of recessive damage, that hidden in
heterozygotes, has been estimated at 2-4 lethal equiva
lents and an equal number of detrimental equivalents per
individual. When exposed by homozygosis, the lethal
equivalents are expressed as an increase in miscarriages,
still births and in neonatal, infant, and juvenile deaths.
The detrimental equivalents are associated with viable
malformations and overlap the previous listing to some
extent. A comparable measure of genes producing reces
sive infertility has not been made. No similar method is
yet available for estimating the amount of dominant
genetic damage within popu1ations.

The role of spontaneous -mutation in maintaining the
[requency of hereditary disabilities

141. Various mechanisms by which detrimental traits
can be maintained in a population are well recognized. A
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gene sometimes conferring reduced fitness. but never
conferring increased fitness, must be maintained entirely
by recurrent mutation. On the other hand. if a gene con
fers increased selective advantage in some circumstances.
mutation may have only a minor influence on its fre
quency.

142. The extent to which such balanced selective
forces are responsible for maintaining hereditary dis
abilities in human populations is unknown at present. Of
the defects listed in section II, only among the specific
disabilities now recognized to have a high genetic com
ponent is it possible to discriminate between those that
are mutation-maintained (categories la and Ib) and
those that are maintained by a balance of selective forces
(category IV). At present, traits of category IV provide
but a small fraction of the total amount of serious in
health of known or suspected genetic origin. Suitably
designed studies will undoubtedly produce more exam
ples in the future. In the meantime, estimates of the
importance of balanced selective forces are dependent on
the use of indirect procedures or are based on concepts
of the genetic structure of human populations which have
yet to be confirmed.

143. When the prevalence of defective traits is main
tained by recurrent mutation, the genetic hazards of
radiation can be estimated if the factor by which muta
tion rate will be increased by a given radiation dose is
known. However. when the frequency of induced muta
tions has been determined at only one dose it is necessary
to know the spontaneous rates to estimate the hazard.
Reliable estimates of spontaneous rates can be made only
when the genetic fitness of both homozygote and heter
ozygote is known. It is possible to measure fitness where
dominant traits are concerned. However. with recessive
traits it is difficult to determine genetic fitness of hetero
zygotes; as a consequence, reliable estimates of natural
mutation rates are rare. Point mutation rates so far
estimated cluster around the value 10 X 10-6 per locus
per generation. The total mutation rate for gross
chromosomal aberrations is now estimated at about 1
per cent per generation.

Dose-mutation relationship

144. The genetic effects of ionizing radiations cannot
be understood without establishing a firm relationship
between frequency of induced mutation and the dose of
irradiation delivered. Most of the earlier information
about this relationship was accumulated from the results
of experiments with Drosophila sperm. Past research led
to the working assumptions that: (a) the dose-mutation
curve is linear in the low-dose range. (b) there is no
threshold dose. and (c) mutation frequency is not de
pendent on dose rate over the range under consideration.
Much effort has been put into the task of either confirm
ing or disproving these three assumptions. Recent in
vestigations have strengthened the first two, but have
disproved the last. It has now been conclusively demon
strated that rate of delivery of radiation can have an
effect on the frequency with which mutations are found.
In male mice, low dose-rates of ionizing radiation pro
duce one fourth as many mutations as do high dose-rates.
In females, this phenomenon is even more pronounced.

145. Recent research has increasingly emphasized the
fact that radiation-induced mutation frequency Can be
drastically affected by circumstances other than dose and
dose rates:

(a) Radiation-induced mutation rates may vary for
genes in the same species and this variation need not



correspond to the variation in natural rates. ~n mice the
induced rates per unit dose in spermat~goma at seven
specified loci may vary by a factor of ~lrty. .

(b) Rate of radiation-induced mutatlO1: per unit dose
varies in different species. Furthermore, It has been ;e
ported that the frequency of cytologically observed m
duced chromosome abnormalities in spermatogoma o~ the
guinea pig is nearly thirty times that of the rabbit, a
closely related species.

(c) It is clearly established that ?ex and stage of
gametogenesis can have a profound m~uence on both
spontaneous and radiation-induced mutation frequencies.
The existence of such interacti?ns b~tween radiation
effect and the circumstances of Its delivery .add to the
complications of estimating radiat!o~.effects 111 humans.
For example, it increases the possibility th.aterrors may
be involved in extrapolating from one species to another,
from non-gonadal tissues to germ cells, and from one
germ-cell stage to another.

The doubling-dose concept in indirect assessments

146. The indirect methods for assessing the hereditary
effects of an increase in level of ionizing radiation to
which a population .is exposed involve th~ esti:nation of
"doubling dose" and !he assumptlO~ of linearity of the
dose-effect relationship. The doublmg dose for a par
ticular mutation is that dose which will increase t~e ;:nuta
tion rate to double the spontaneous rate. A prediction of
the phenotypic effect of an increase in mutation rate can
be calculated from the fact that the number of affected
persons arising as a consequence of a doubling dose
delivered in one generation, is equal to the number of
affected persons normally present in anyone generation
as a result of recurrent mutations of natural origin. This
increase in affected individuals will be spread over one or
more generations depending on 0e gen~tic fitness whi~h
specific mutations confer on their carriers. The genetic
fitness of the heterozygote is of more importance than that
of the homozygote in most cases, b~cause rare mutant
genes occur much more ~requently I~ the heterozygo~s

state .in a random-breeding population, When genetic
fitness of the heterozygote is very low, most of the impact
of the new mutations willbe felt in the subsequent genera
tion; if fitness is reduced by one-fifth, most of the effect
will appear within the first five generations; if reduction
in fitness is slight the effect will spread over very many
generations. A permanent doubling of the mutation rate
eventually results in a permanent doubling of the inci
dence of those traits normally maintained by recurrent
spontaneous mutation. On the assumption of an average
reduction of 2 per cent in genetic fitness of heterozygotes,
most of the impact of a permanent doubling of mutation
rate would be felt in about fifty generations. Where sys
tems of balanced polymorphism are in force, natural
mutation is a relatively minor factor in the maintenance
of genetic variability and a doubling of the mutation rate
would have little effect on the prevalence of the associated
traits.

147. The usefulness of the doubling-dose procedure
was considered in detail in the 1958 report of the Com
mittee. To a large extent this usefulness sterns from the
fact that whole classes of mutation can be handled as a
unit in the absence of any information about the number
of loci involved or their individual mutation rates. Ten
tative numerical estimates of the doubling dose for man
were presented in the 1958 report. It was pointed out
at that time that little direct information was available
on the sensitivity of human genetic loci to radiation. Esti-

mates of doubling dose were co~sequently based on sey
eral other considerations. These included a Simple geneltc
interpretation of sex-ratio changes 1I~ man based on~e
assumed induction of sex-linked d0l11lnant and recessive
mutations having a lethal effect in utero. t\ccoltn~ \~'asa!so
taken of the investigation of seven sp.eclfic loci 111 nllce
and of extensive observations on sex-11l1ke~ lethal rnuta
tion in Drosophila. As expect~d, ad.vances.ll1 .our knowl.
edge have indicated that this estimate IS m need of
revision.

148. The usefulness of sex-ratio changes in estimating
a doubling dose must be considered doubtful because of
inconsistencies in the sex-ratio change 111 the proge~y of
irradiated fathers (table IX). Furthermore, there I.S no
significant effect on the sex-ratio in the progeny of irra
diated male mice.

149. Recently acquired information has also stressed
the fact that, apart from the radiation dose alone, there
are a number of specific factors wh.lch should be taken
into account in calculating the doubling dose. Dose rate,
sex, and stage of gametogenesis are al! fa.clofs whi.ch
affect the frequency and quality of mutation ll1 both mice
and Drosophila and it must be susp~cted that they are
effective in man An example of the influence of rate of
dose on the calc;lated doubling dose can be obtained from
table X where the main results of irradiation of sperm
togonia and oi:icytes o~ the mouse h~ve b~en summarized,
The most important smgle comparison IS that for males
between the dose rates of 80-90 rlmin and 8.S X lQ-3 r/
min. The former rate provides a doubling dose of 30-40
rad the latter 100-200 rad. A significant dose-rate effect
is also evident for oi:icytes, and the doubling doses for
acute and chronic irradiation show an even greater
spread than in males.

150. It is becoming increasingly evident that the spe;
trum of mutations in man is too wide to be induded in a
single category for the purpose of estimating a meanlng
ful representative doubling dose. For instance, the
doubling dose for gross chromosome mutations may well
differ drastically from that for point mutations. I f so, ~Ie
frequency-distribution of hereditary defects resultl~g

from a specific increase in the level of exposure to rada
tion would 110t be parallel to the natural spectrum.

151. In view of the undoubted complexities of the
dose-mutation relationship, it is evident that this method
of assessing hereditary effects of ionizing radiation can
easily yield imprecise estimates. At the same time it is
equally evident that none of these recently discoverel
complexities invalidates the doubling-dose concept itself
they merely emphasize that the method must be applied
under carefully defined conditions if accurate estimates
are to be obtained. In particular, it is important to dis
criminate between the genetic hazards of chronic low'
level exposures and more acute medical and accidental
exposures.

152. The difficulties of obtaining information on the
hazards of ionizing radiation would be reduced if the
large amount of data collected in other organisms could
be applied directly to humans. Differences in species
introduce into this procedure uncertainties the extent of
which is difficult to estimate. A second approach is
through the observation of human cells grown in tissue
culture; reproducible results relating to radio-sensitivity
of cells can be obtained in this way. However, here also
extrapolation of information is at present associated with
uncertainties. Nevertheless it is clear that in uiuo and
in vitro research in different organisms will ultimately
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provide a valuablesource of information. Such investiga
tions must be accompanied by an understanding of the
genetic structure of human populations and the respective
roles of mutation and selection in moulding that struc
ture.

Conclusions

153. Sufficient information is not now available to
calculate with a useful degree of accuracy a representa
tive dose whichwould double the mutation rate (doubling
dose). Nor is it yet possible to predict directly the quan
titative or qualitative effects of such a dose on popula
tions. Nevertheless, information regarding some aspects
of the genetic hazards of ionizing radiation can be
obtained by the doubling-dose method. This involves the
calculation of separate doubling doses for different dose
rates, and, in addition, for different specific cate
gories of defects. The complexity of the calculations is
reduced by the fact that differential sensitivity of germ
cellstages within each sex can be largely ignored; as far
as thegenetic hazards of radiation to man are concerned,
the significant germ~cell stages are the spermatogonia
and theoocyte. This is true whether irradiation is chronic
or acute.

154. The group of disabilities to which the doubling
dose can, at present, be most usefully applied are those
severe defects maintained by recurrent point mutation
(categoryla). Calculations of the 1958 report suggested
that the over-all representative doubling dose for man
might well lie between 10 and 100 rad, with 30 rad as the
most probable value. This estimate was based on studies
which involved acute irradiation and the production of
point mutations. In the absence of better evidence, the
doubling dose for acute irradiation of males does not
require revision. However, there is evidence that this
value is lower in females; experiments with mice have
shown that oocytes are somewhat more sensitive to acute
(but notto chronic) irradiation than spermatogonia. The
doubling dose for the two sexes combinedmust therefore
be lower than that for males and may well be about half
this value. For chronic irradiation of males, new infor
mation from mouse experiments suggests that the

doubling dose is about four times the 1958 value of 30
rad. For chronic low intensity irradiation of females,
mutation rates seem to be lower than in males. The corn
bined doubling dose for both sexes cannot exceed twice
the value for males and is not likely to be much lower
than that value, For these estimates, uncertainty due to
species extrapolation and the limited number of loci used
in experimental studies probably does not ex~eed three
fold in either direction. A permanent doubhng of the
mutation rate would ultimately double the prevalence of
the serious defects under consideration. These are now
estimated to have a. prevalence at about 1 per cent.

155. The doubling dose f or the defects of category Ib,
those due to gross chromosome aberration, cannot now
be estimated for lack of data. However, the effect of
radiation on the frequency of gross chromosome muta
tion is amenable to study, and it can be expected that
continued research in this field will enable estimates to
be made in the near future, A doubling of the mutation
rate in one generation would almost certainly double the
prevalence of these defects in the next generation. This
prevalence is now estimated to be about 1 per cent.

156. It is not possible to estimate the doubling dose for
the genetic changes contributing to developmental mal
formations and serious constitutional disorders of cate
gories n and HI. The prevalence of these defects might
be doubled by a doubling dose but the increase would
probably be much less; environment is suspected to have
a strong influence on their aetiology, and unrecognized
balancing selective mechanisms may also be effective in
maintaining their frequency,

157. Significant progress towards an understanding
of the genetic effects of ionizing radiation has been made
in the last four years. The Committee emphasizes that:
(c) all research has confirmed the fact that ionizing
radiation produces genetic damage at all doses and dose
rates so far tested, and (b) further progress in under
standing the genetic hazards of radiation will come not
only from ad hoc research in radiation genetics but from
an increase in all types of genetic research in man and in
experimental organisms.

TABLE I. CHROMOSOME ABERRATIONS ESTABLISHED IN MAN

Associated clinical condition Chromosome complement
Chromosome First

nH1JJbe:r reference

1. Anomalies related tochromosome number

Down's syndrome (mongolism).•.••..Autosomes: Trisomy-21
Complex congenital malformations. . • . Trisomy- (17-18)
Complex congenital malformations. . . . Trisomy.(13-15)
Klinefelter's syndrome........•.•. " .Sex-chromosomes: XXV
Klinefelter's syndrome.,.......... •.• XXXy
Klinefelter's syndrome.;... . . . •• . . • . • XXXXY
Turner's syndrome ....••... " •.... , . XO
Mild mental defect.. . . . . . . . . . . . . . . . . XXX
Mental defect. . . . . . . . . . . . . . . . . • . . . • XXXX

n. Structural anomalies

Down's syndrome with trisomy-Zl .•.. 21 ro.I (13-15)
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47 6
47 7
47 8
47 9
48 10
49 11
45 13
47 14
48 15

46 16



T II DISABILITIES WHICH HAVE BEEN ASSOCIATED WITH
ABL~N~RMALKARYOTYPES, EXCLUDING KNOWN MOSAICS

Clinieal <ondi/ion

Chromosom«
eompl,m,,,1

1. A nomalies related to chromosome number
Klinefelter's syndrome......•..................XXyy .
Klinefelter's-Down's syndrome XXY, tnsomy 21

Prenatal death " Triploidy
Mental retardation Trisomy 6(?)
Facial anomalies Trisomy 22 (?)

11. Structural anomalies
Polydysspondyly 22......, (13-15)
Familial mental and speech defect 22......, (13-15)
Primary amenorrhoea X + partly

deleted X

Down's syndrome 21 ......, 22
Down's syndrome 21 ": 21, or d

tnsomy 19 an
monosomy 21

Convulsive disorder (1-2) ,..., (6-12)
Klinefelter's syndrome.....................••.. XXY and 14......,15
Congenital abnormality ................•....... 16......, 21, or

trisomy 21 and
monosomy 16

Pseudo-hermaphroditism .....................•. 21 ......, Y
Turner's syndrome ....•..................•....Enlarged X
Familial Marfan's syndrome Enlarged satellite
Transmissible hypospadias ............••.......Y deletion
Gonadal dysgenesis , X or Y deletion
Auricular septal defect 2 ......, (6-12)
Familial malformation of central nervous system .. Enlarged satellite

48
48

69
41

47

45
45
46

46
46

46
46

46

46
46

46
46
46
46
46

12
102
31

256

251

258
109
259

18
21

260
106
261

262
263
264
265
266

267
268

TABLE IlL LETHAL AND DETRIMENTALEQUIVALENTS DERIVED FROM STUDIES OF OFF.SPRING FROM FIRST-COUSIN MARRIAGES

(Modified after N ewcombe269 )

Cotlsanguittt'ous
Conlrol(first cousin only)

ulhal or
Fr.qlt.ney Frequency Diff.,en" detrimenl,u

lU/m""Plo.. Co"di/ion A/<cttd Total ('fa) Affect,d Tolol ('fa) (%) equioalenl

U.S.A.
Infant death; juvenile death .. 637 2,778 22.93 134 837 16.01 6.92 ± 1.50 2.21 ± 0.48 270
Death under 20 years ... '" . 113 672 16.82 370 3,184 11.62 5.20 ± 1.55 1.66 ± 0.50 271
Miscarriage ................ 36 248 14.52 25 194 12.89 1.63 ± 3.29 0.52 ± 1.05
Still birth i neonatal death .... 7 212 3.33 5 196 2.98 0.35 ± 1.73 0.11 ± 0.55 212"
Infant death; juvenile death .. 14 205 6.34 1 164 0.61 5.73 :J:: 1.81 1.83 ± 0.58
Abnormality ............... 31 192 6.15 16 163 9.82 6.33 :J:: 2.91 2.03 ± 0.93

France
Still birth .................. 43 1,043 4.12 84 4,094 2.05 2.07 ± 0.65 0.66 ± 0.21
Infant death ............... 87 982 8.86 182 4,010 4.54 4.32 ± 0.96 1.38 ± 0.31 273
Death from 1 to 30 years .... 104 886 11.74 227 3,822 5.94 5.80 ± 1.12 1.86 ± 0.36 214
Abnormality" .............. 169 1,043 16.20 176 4,094 4.30 11.90 ± 1.18 3.81 ± 0.38

Japan
Still birth; neonatal death .... 125 2,798 4.47 2,091 63,145 3.31 1.16 ± 0.40 0.37 ± 0.13
I nfant death ............... 54 822 6.57 808 17,331 4.66 1.91 ± 0.88 0.61 ± 0.28 40
Juvenile death .............. 41 352 11.65 31 567 5.47 6.18 ± 1.96 1.98 :J:: 0.63 275
Abnormality"............... 69 4,845 1.42 651 63,796 1.02 0.40 ± 0.11 0.14 ± 0.05

* Indicates some overlap with the preceding classes. offspring having hereditary diseases (16 versus 4 per cent), and7* Controls drawn from offspring of sibs of the consanguineous having lower than average intelligence (26 versus 15 per ce.nt).pair.
Since the individual offspring were observed for varying periodsSee also BQ6k'70 who found no significant difference in the of time the mortality data are not readily presented in the abovemortality in small samples of offspring of first-cousin and control form. An average of three recessive deleterious genes per personmarriages, but a considerably greater proportion of the cousin is estimated from these data.
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TADLE IV. ESTIMATED MUTATION RATES AT LOCI DETERMINING AUTOSOMAL
DOMINANT DISEASES IN MAN

(Modified from Steuensonst" and Penrosew)

'"This estimate probably includes phenocopies.
"'''' This figure is adjusted for presumptive phenocopies.

278
279
280
281
282
283

284
285
286
287
288
289

290
291

292

51

51

296

293

297

300

299

298

294, 295

8

43'"
68'"
13

5
4

5

15
23
29

4"''''
100+

5

6

3

Estimaled rale/locus/gen.
(X 10-')

f-o 95
x = 18/63,000

f=O 59
x - 48/271,896

f=O 39
x = 16/138,403

f=O 47
x == 15/105,310

"'''' 34

"'''' 13

f = 0.25 20
Est x = 0.8 X 10-4

f == 0.333 27
:x == 489/4,092,025

f = 0.286 32
Est x = 1.33 X 10-4

Basis o/es#",olio/, Estimated rale/locus/gen.
" - 1/3 (1 - f) x'" (X 10-') Re/mnce

Region

Regia"

England

England..........•...............

Denmark.•..•..••...•............
Sweden ........••.....••.........
Northern Ireland .•....••. , '" .....

Denmark....•.•.•...•............
Michigan .

Sweden ..

England.•••....•...•.•...........
Michigan ......••...•.•.....••••..
Northern Ireland•...• , .......•.•..
Germany, Fed. Rep. of. •........•..

Michigan .•...•..•.....•...•......

Michigan.......•....•••.•........

Northern Ireland .

England.....•.. " ., •... '" .

Denmark and
Switzerland

Utah, USA

England

England

Northern Ireland

Trail

TABLE V. ESTIMATED MUTATION RATES AT LOCI DETERMINING
SEX-LINKED DISEASES IN MAN

(Modified from Stevenson277 )

'" p. = Mutation rate/locus/generation.
f = Relative genetic fitness.
x = Frequency of trait in population.

**Estimates made by special methods. 61

Microphthalmos

Retinoblastoma

Trait

Epiloia

Achondroplasia

Aniridia

Neurofibromatosis

Huntington's chorea

Arachnodactyly

Acrocephalosyndactyly

Haemophilia " Denmark

D uchenne type
muscular dystrophy .....

Limb girdle muscular
dystrophy Northern Ireland

Recessive deaf-mutism Northern Ireland



TABLE VI. ESTIMATED MUTATION RATES AT LOCI DETERMINING
AUTOSOMAL RECESSIVE DISEASES IN MAN

(Mollified from Penrose89 )

Trait Region
Basis of estimation Estimated rate/locus!gen.
(" - (1 - f) x* (X 10 -a) laferenc.

Juvenile amaurotic idiocy.••...Sweden 1=0 38 301
Est x = 3.8 X 10-&

Albinism..................... Japan 1 = 0.5 28 302
Est x = 5.5 X 10-&

Icbthyosis congenita........... Japan 1=0 11 302
Est x = 1.1 X 10-6

Total colour blindness......... Japan 1 = 0.5 28 302
Est x = 5.5 X 10-&

Infantile amaurotic idiocy...... Japan 1=0 11 302
Est x = 1.1 X 10-&

Amyotonia congenita..........Sweden 1=0 23 280
x = 1/44109

Epidermolysis bullosa.....•.... Sweden 1=0 45 280
x = 2/44109

Microcephaly............•.... Japan 1 = 0.02 49 303
Est x 0= 5 X 10-&

Phenylketonuria .............. England 1=0 25 54
Est x = 2.5 X 10-&

*I-' = Mutation rate/locus/generation.
1 = Relative genetic fitness.
x = Frequency of trait in population.

TABLE VII. STUDIES OF TIME-DISTRIBUTION OF DOSE-MODIFICATION OF PRE-MUTATIoNAL
DAMAGE AND ASSOCIATED PHENOMENA

Mutations Phenomenon Rtmarks &fmrMl

Recessive visibles Fourfold reduction Differential viability 119,124,
and lethals at in effect at low of cells, radiation 127,132
seven selected loci dose-rate quality eliminated

Recessive visibles More than fourfold Inter-cell selection 121,123
and lethals at reduction at low differential 3W
seven selected loci dose-rate viability, radiation

quality eliminated
Sex-linked Reduced effect at 128

recessive lethals low dose-rate

Egg-colour mutants Reduced effect at After elimination of 97
at two specific low dose-rate cell selection and
loci later stages

Eye-colour No effect at Probably oogonia 130
mutants in intensity
female larvae differences of

1,000 r/min and
0.17 r/min

2nd chromosome No intensity Total dose 3,000 r 129
recessive lethals effect at

2,000 r /min and
2.0 r/rnin

2nd chromosome Reduction at Total dose 200 r 129
recessive lethals intensity

differences from
0.01 r /rnin to
0.10 r/min

Sex-linked Reduced (?) effect Shifts in brood 305
recessive lethals of fractionated pattern of mutation

dose rates cannot be
excluded

Sex-linked No effect of dose Intensity of 153,154,
recessive lethals fraetionation; radiation for 155,156
in ring-X enhancement by fractionation and
chromosome post-treatment N2 post-treatment

with N 2 ; reduction 55 r/sec
by pre-treatment

Sex-linked
with chloramphenicol

Decrease by Stage not defined, 306,301
lethals feeding of larvae probably

with actinomycin D spermatogonia
and penicillin

RadiationMat.,ial

Drosophila spermatogonia X

Drosophila spermatogonia X

Drosopbila. spermatogonia 'Y

Drosophila spermatogonia 'Y

Dahlbominus, wasp oogonia.........•... 'Y

Drosopllila oogonia....••.............•. 'Y

Drosophila spermatogonia (7) X

Mouse oocytes X, 'Y

Mouse spermatogonia X, 'Y

Silkworm, early stages of spermatogonia
and oogonia, , X, 'Y



TABLE VII. STUDIES OF TIME-DISTRDlUTION O~ DOSE-MODIFICATION OF PRE-MUTATIONAL
DAMAGE AND ASSOCIATED PHENOMENA (continued)

Material Radialion Mutations Phenomenon &rnorks &!eru'&tI

Drosophila spermatids and spermatocytes .• X Sex-linked Reduced effect of Gene mutations and 152,153,
recessive lethals dose fractionation possibly small 154,155,
in ring-X and of pre- deletions; 156,157
chromosome treatment with radiation given at

chloramphenicol high dose-rates;
and ribonuclease: inhibition of
enhancement by metabolic repair
post-treatment and delay of
with N2; both mutation fixation
increase and
decrease by post-
treatment with HCN

Drosophila sperm ............•.•.....•. X Sex-linked Increase by pre- 153,154
recessive lethals treatment with
in ring-X ribonuclease and
chromosome chloramphenicol

')rosophila sperm ......•.... 0 ••• 0 ••••• 0 X Sex-linked Reduced (?) effect Critical period 158, 161
recessive lethals; of dose- r'-' 40 min; critical
chromosome breaks fractionation in dose for breaks

absence of O2
'Jrosophila sperm .•........... 0 •••••••• X Chromosome breaks O2affects both Radiation given in 163

breakage and NI, air, or at
rejoining of 1 At of 01
chromosome
fragments; no
saturation of O2
sensitivity systems

)rosophila oocytes ...•.•............... X Half-translocations, O2affects both Nz between X-ray 308,309
detaclunent of breakage and fractions, or as a
attached restitution of post-treatment
X-chromosomes breaks increase half-

translocation
frequency

l abrobracon oocytes....... 0 ......... 0 0 • X Hatchability of Post-treatments Realization of 310
eggs treated in with N2 and CO potential radiation
first meiotic increase radiation damage
metaphase damage

)rosophila spermatids ..•.. 0 ••• 0 ••• 0 •••• X Translocation Cyanide post- After both low and 152,311 .
treatment increases high dose-rates;
frequency CN delays

restitution of breaks,
more translocations

'aramecium... o • • • • • • • • • • • • • • • • • • • o' 0 .X, UV, Recessive lethals Effect of time Effect of various 139,140
Cl! expressed after between irradiation post-treatments

autogamy and chromosome (nutrition,
duplication metabolic inhibitors)

• colij Streptomyces spores; Serratia 0 •• , •• UV, X Biochemical Observe mutation Pre- and post- 143,144,
reversions, frequency treatment with 145,146,
"EMB colour" decline, mutation various tempera- 147,148,

stabilization, tures, nutritional 149
mutation fixation, factors, and
and mutation metabolic inhibitors,
expression relations to protein,

RNA and DNA
synthesis

'eurospora . . 0 •••••••••••• 0 ••••••• 0 •••• UV Biochemical Protein synthesis RNA derivatives 150
mutation decreases mutation increase mutation

at low UV doses, frequency at low
but increases closes only
mutation at high
doses

ri-folium . • . 0 •••••• o. 0 •• 00 ••••••• 0 •••• Somatic mutations Reducing effect of Protection by dose 312
at leaf marking dose fractionation of 12.5 r, dependent
locus on Oz-tension and

temperature
icia................ 0 •• 0 ••• 0 •••••••• oX, Chromosome breaks Process of Repair requires 313,314

Neutron rejoining cellular metabolism
inhibited by and protein
radiation synthesis
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TABLE VIII. EFFECT OF IRRADIATION OF MOTHERS ON THE PROPORTION OF
MALE OFFSPRING

Conlrol Irradlaled

No.Lis« Ptr cent Dose range No. live Per cent

Counlr:>, births male rads birlhs mal. R4er'II<:4

Japan. . . . . . .. . . . .. .r3
,544

52.085 ea. 8 19,610 51.979 227,315
ea, 75 3,958 51.440
ea. 200 2,268 51.190

U.S.A . . • . . . . . . . . . . . .Control not available 5D-200 407 49.1 235

{355 54.6 200-400 161 44.7 236
France . . . . . . . . . , .. ,. 674 50.1 2-10 797 52.2
Netherlands .... . , ..... 225 53.3 30D-600 221 48.0 238

TABLE IX. EFFECT OF IRRADIATION OF FATHERS ON THE PROPORTION OF
MALE OFFSPRING

Conlrol IrraJial.d

No. liv, Per cen! Dos« rang. No. live Per cenl
Counlr:>, births mal. rods births male RQer.""

43,544 52.085 ea, 8 5,168 51,587 227, 315
ea. 60 1,226 53.263
ca. 200 -753 52.722

Japan.............. 609 51.72 Many doses 4,201 53.64 237
of unknown
amount

Average 51.24
for Japan

225U.S.A .. . . . . . . . . . . .. . 3,491 5Vt2 Many small 4,277 51.39
doses

1,·,85 51.5 200-400 656 56.1 236
France... . . . .... . . .. 1,~~~ 52.7 2-20 1,394 46.0

46.6 300-60(1) 635 52.3 238Netherlands.......... 657
52.3 1-10 668 53.4

'L'ABLE X. NATURAL AND INDUCED MUTATION RATES AT SEVEN SPECIFIC
LOCI IN ADULT MOUSE SPERMATOGONIA AND OOCYTES

M ulations in sp.rm"rOgoll ia

Sourc«

Detail: oJ irradiation

Total
Dos.
er)

Dos. Ra/e
(r/m,,,)

No. of
offsPring

No.oJ
1'rlutatio'M

M.an no.
DJmutalions

per locus
per ga"'~I.ex 10-')

a For a possible explanation of the low mutation frequency, see
parag-raph 83 above.

b The two fractions were delivered 15 weeks or more apart.

X-ray................. 300
X-ray................. 600
X-ray................. 1000
X-ray 600 +400b

X--ray. . . .. . . . . 600
C080................... 600
X-ray................. 600
CSl. 7. . . . . ••••.••••••••• 600
Csl87.... . . .. . . . ... ... .. 300
CSI37. . . . • •• • • • . • • •••••• 516
CSIfI •••••••••••••••••• , 861
C080.. . . . . .. . . . . . . .... . 603"
C080 and radium. . . . . . . . 37.5d

CSI37.... • • • • • •• • • • • •• •• 86

o Delivered In 90 12-hr. or 16-hr. days.
d Delivered In 5,25, or 35 16-hr. nights.
e Delivered in 12 16-hr. nights.

119
119
119
121
126
121,316
317
125
121,316
121
121
126
318
121

121,123
304
319
121,123

121,123,3160.14

0.84 119,121,316,318

17.78
5.15
1.41
1.05

8.84
13.29
io.ss
29.13
14.60
10.63
7.06
5.13
2.44
2.71
7.06
2.65
1.35
1.50

Mutations in o~c)'lcs

32

16
13
1
2

25
111
23
10
11
33
14
10
10

5
12
2
6
6

98,828

12,853
36,083
10,117
27,174

544,897

40,408
119,326
31,815

4,904
10,761
44,352
28,339
27,840
58,457
26,325
24,281
10,763
63,322
56,993

106

92-96
0.8
0.05
0.009

80-90
8D-90
80-90
8D-90
60-70

24
9

0.8
0.009
0.009
0.009

0.007-0.009
0.0011-0.0078

0.001

400
400
600'
258

Control. .

X-ray .
CS137•••••••••••••••••••

COIlO •• '" ••••••••••••••

Csll7...•............. , .

Control .
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The inhomogeneity of dose in man, particularly after
accidental exposure, raises an important practical diffi
culty in assessing exposure in man: one can ascribe no
single meaningful value for the dose delivered.

DEFINITIONS

3. To facilitate prospective and retrospective classifi
cation and study, definitions used by the United States
National Academy of Sciences - National Research
Council Sub-committee on Hematologic Effects (1961) 1

are recommended. Some terms cannot be defined pre
cisely. Others, because of ambiguity, e.g. "acute" and
"chronic", are best avoided in describing exposure and
effects and reserved for use in their usual medical sense.



EARLY EFFECTS

12. The early effects in man of large doses are fairly
clearly known from the therapeutic use of X-rays and
of radio-nuclides such as Ra2 26 (used in teletherapy)
and 1131

, from atomic energy workers in nuclear acci
dents and from clinical studies on atom-bomb survivors,
The acute radiation syndrome is detailed in section IV
below.

there are possible differ.ences. at t~e microscopic level;
but superimposed o.n th~s Ull1fO~lty they may have a
different relative biological effectiveness (RBE), e.g,
densely ionizing particles (a rays, neutrons) are more
efficient in producing. most forms of c~l.lular damage
than y- and X-rays givm~ lower 1O~ ~ensittes. The RBE
quoted for a particular kind of radtatlOI: depends 0.0 the
specific biological effect observed, the tissue irradiated,
dose and rate at which it is given. Annex: B details the
concept of RBE; difficulties in its application to internal
emitters are described in section VI of the present annex.

TIME DISTRIBUTION OF DOSE

11. A dose which is lethal if given in a short time
may if spread over a long time, produce effects difficult
to relate to the exposure or, especially when recovery
intervenes, to detect at all. This poses the key question
in assessing somatic effects in man: what are the effects
of low doses, single or long-term?

LATE EFFECTS

13. Late effects in man are inferred from knowledge
of specific effects produced in animal experiments, from
large-scale observations on population, and from occu
pational and medical exposures in man. Late effects
comprise:

(a) Many, if not all types of neoplasm, including leu
kaemia;

(b) Local effects on tissues, e.g. skin changes, pre
cancerous lesions, cataract and sterility;

(c) Changes in life-span;

.(d) Effects on growth and development, e.g. irradia
tion of the foetus can produce abortion, still birth and
developmental abnormalities;

( e) Effects on subsequent generations, covered in
annex C.

In general, the late effects are not unique to radiation:
for the most part they are indistinguishable from disease
states induced by other causes commonly present in the
population,

14. Although the main late effects are known-indeed
familiar-the possibility of other effects being produced
~annot be excluded, notably in the foetus. Not enough
1S known about the relationship between dose and inci
dence of late effects. Accurate measurement of doseand
incidence may be very difficult.

ANOXIA

1~. ~edu~in~ the. oxygen concentration inside cells
d.Uri~g irradiation WIth X- or y-rays diminishes cell sen
sitrvity by a factor of 2-5, as measured in several ways.
This effect of anoxia in the active bacterial cell is inde
pendent of events later than 0.02 seconds after irradia
tion.s Analysing such phenomena within such time limits
is not easy." The effect of oxygen is reviewed in an- ,

Long-term exposure

5. Long-term exposure refers to continued or re
peated exposure to radiation over months or years. Such
exposure is greatest in certain occupations and in persons
containing radio-active isotopes with relatively long
effective half-lives. X-ray examinations repeated fre
quently over a long time also constitute long-term ex
posure, as do exposures to cosmic radiation, naturally
occurring radio-active isotopes, and fall-out.

Short-term exposure

4. Short-term exposure includes: (a) total or s.ub
stantial body exposure to radiation over a short. t.u~e
(e.g. in nuclear warfare fr?m direct exposure to initial
radiation from the detonation of nuclear weapons and
nuclear reactor or accelerator accidents), and (b) ex
posure of limited yet substantial body areas in w~ich the
radiation is given either as a single dose or ~racti?n~ted
over a few days or weeks (e.g., in therapeutic .radiatlOn,
dia~nostic radiology, or tracer or therapeUtic use of
radio-active isotopes). A dose > 50 rad 1S defined, for
the purposes of the present report, as a high dose, < SO
rad as a low dose.

Consequences of exposure

8. The initial effects produced by radiation may lead
to observable alterations expressed promptly or months
or years after irradiation. The development of clinical
findings depends not only on the nature and extent of the
initial radiation injury, but also on the operation of
secondary factors, e.g. the influence of hormonal secre
tions on the development of radiation-induced mammary
tumours. A distinction should also be made between
those effects that produce only a cytologic abnormality,
e.g, binucleate lymphocytes, and those that produce a
serious disease, e.g. leukaemia.

9. It is not possible to distinguish sharply between
early and late effects since effects observed soon after
radiation may persist. Nevertheless, it is convenient to
consider as early, effects observable within a few weeks
after exposure. Late effects are those that appear later
not obviously related to the early effects. Late effects
include cataracts and tumours; they may not appear until
many years after exposure.
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Cumulative dose

6, Although the total dose of radiation is important in
long-term exposure, it is sometimes useful and co~

venient to indicate degree of exposure as dose per unit
time, usually cumulative dose per week:

(a) Very low weekly dose < 100 mrad,
(b) Low weekly dose: 100-1,000 mrad,
·(c) High weekly dose > 1,000mrad.

7. The very low weekly dose is less than that implied
by the 1960 maximum permissible dose (MPD) recom
mended for occupational exposure by the International
Commission on Radiological Protection (ICRP) 2 and
the United States National Committee on Radiation
Protection and Measurements (1958).8 The dividing
line between low and high dose corresponds to the first
MPD recommendations of these groups in effect between
1936 and 1948.

TYPE OF RADIATION

10. Different kinds of radiation produce essentially
similar biological effects at the macroscopic level, though



nex B and anoxia is discussed further in section VIII
below (Protection and modification of radiation
injury) because of circumstantial evidence suggesting
thatmany protective agents act by interfering with oxy
genation of the cell.

TEMPERATURE

16. Lowering temperature soon after irradiation, thus
temporarily slowing metabolism, promotes recovery in
microorganisms. In amphibia and mammals, lowering
body temperature after irradiation may delay the onset
of symptoms, but there is so far no evidence of an in
creased degree of recovery.

NATURE OF RADIATION INJURY

17. A big bar to understanding the nature of radiation
injury arises from the difficulties in discerning the im
mediate processes in the interaction between radiations
and living cells: (a) the low concentration of the reac
tion products between initial interaction and final ex
pression of damage after biologically effective doses of
radiation, makes characterization of these reactions diffi
cult by present physico-chemical techniques; (b) the
very rapid completion of these interactions allows little
time for detection of the intervening events.5,6,7

CHROMOSOME DAMAGE

18. Much evidence points to chromosome damage as
the central mechanism of radiation-induced cell injury
and death. This and the considerable effort to explain
effects biochemically are reviewed in annex B.

11. Lethal and lesser damage in cells, tissues,
organs, neoplasms, and organisms

INTRODUCTION

19. Knowledge of the comparative radio-sensitivity of
different cells and organisms is significant in studying
somatic effects. A theory explaining the large differences
in radio-sensitivity among different cells and organisms
would be decidedly valuable in understanding radio
biology, Differences in the radio-sensitivity of organs are
the principal factors defining the organ whose damage
by a given radiation dose impairs the body most.

END-POINTS

20. Various end-points are used to determine com
oarative radio-sensitivities: (a) death of cells; (b) dose
:0 inhibit mitosis; (c) alteration or loss of functions;
(d) time taken to regenerate; (e) time taken to atrophy;
(f) LD~o. In general the morphological end-points
ritherto used cannot be regarded as satisfactory and
ietermination of radio-sensitivity is better based on
functional criteria, e.g. the concept of radio-resistance
rf nerve tissue based on morphology has proved incor
.ect, since functional transient changes in synaptic trans
nission result from doses of r-' 0.025 r.B

21. The apparent radio-sensitivity of a cell or tissue
hus depends on the method of observations, e.g. Iympho
:yte damage may be measured by structural changes in
he cellnucleus, by change in DNA content, or by degree
if lymphopenia; bone marrow damage may be measured
1y examination of bone marrow smears, blood counts,
iaemoglobin and haematocrit estimations in the periphe-

ral blood, by Fe5il incorporation in bone marrow and by
blood cells, by degree of aplasia, or by the likelihood of
leukaemia being induced years after radiation.

Death of cells as end-point

(a) Law of Bergonie and Tribondeaa

22. In 1906, Bergonie and Tribondeau" proposed a
"law" of cellular radio-sensitivity which on the whole is
valid in radio-therapy: the most radio-sensitive cells are
those which (i) have the highest mitotic rate, (ii) retain
the capacity of division the longest, (iii) are the least
differentiated.

(b) Radio-sensitivity of cells in the adult mammal

23. Cells in the adult mammal can be arranged ap
proximately in the order of decreasing sensitivity on the
basis of clinical and experimental data with death of
cells as end-point: lymphocytes, erythroblasts, myelo
blasts, megakaryocytes, spermatogonia, egg cells, cells of
jejunal and ileal crypts, epithelial cells of cutaneous ap
pendages, cells of eye lens, cartilage cells, osteoblasts,
endothelial cells of blood vessels, glandular epithelium,
liver cells, epithelial cells of renal tubuli, glia cells, nerve
cells, alveolar lining cells of lungs, muscle cells, connec
tive tissue cells, and osteocytes."

(c) Radio-sensitivity of tissue in the adult mammal

24. The body's organs reflect differences in the radio
sensitivities of their cells, usually of those in the genera
tive compartment. The radio-sensitivities of different
cells, tissues, and organs of mammals are detailed in
section IU and quantitative relationships between effect
and dosage in section VII of the present annex.

AGE AND RADIO-SENSITIVITY

25. Man's sensitivity depends on age at the time of
exposure. Embryonic neuroblasts are killed by a much
smaller dose of radiation than that which kills adult nerve
cells. Children are more susceptible than adults in a
number of respects. For example, the child's growing
bone is more sensitive than the adult bone. These are but
a few examples of the relation between age and suscepti
bility to radiation. The radio-sensitivity of embryos and
foetuses is discussed more extensively in section Ill, and
of children in subsequent sections covering effects on
man.

Mammalian cell survival curves

26. Puck et alY-12 plotted the first survival curves for
mammalian cells cultivated in vitro; they measured the
reproductive potential of each individual cell after radia
tion. They found that human squamous carcinoma
(HeLa) cells responded with a two-hit type inactivation
curve, and that the logarithmic fraction of surviving
cells was linear with increasing dose beyond the initial
shoulder of the curve. The D 37 was only r-' 100 rad in
contrast to ,..... 105 rad for virus inactivation. They sug
gested that the more sensitive mammalian celts may have
more unit targets vulnerable to inactivation.

27. Estimates of D37 by Puck for various normal and
neoplastic cells in vitro have been very close to one an
other. This may reflect the high rate of growth of normal
cells in tissue culture; indeed there is strong evidence of
malignant transformation in many types of cells in vitro.

28. Hewitt and Wilson 13-14 and Till and McCul
lough 15-16, in ingenious extensions of the Puck technique
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testinal system, and endocrine glan~s; soft tissue sar
comas; chondro sarcomas; neurogenic sarcomas; osteo
sarcomas; and finally, malignant melanomas. Even
among the latter radio-resistant tumours there may be
rare instances which show unpredictably a higher degree
of radio-sensitivity (fibrosarcoma and melanoma). One
variety of liposarcoma is definitely radio-sensitive and is
even radio-curable; this is an exception to the experience
that radio-sensitivity of malignant tumours depends
upon radio-sensitivity of their cell of origin. This list
represents only average radio-sensitivity in each group;
individual tumours may show more or less radio-sensi
tivity than their place. Rare tumours of uncertain radio
sensitivity are omitted.s"

34. Clinically it has been known for a long time that
interference with blood supply of a radio-sensitive tissue
diminishes its radio-sensitivity-s and the important effect
of anoxia on radio-sensitivity has already been discussed.

LD sovalues for mammals

36. The data on LD 50 values (table I) 28 permit ten
tative generalizations. Other references to LD5 0 values
are' mouse and rat 24-28 hamster 29 monkey 30-82 dog SB-BB

bur~o, swine, sheep and cattle." 'Additionai LD~o v~lues
for guinea pig will be discussed below.

37. There is a clear demarcation of LD60 values (ex
pressed as midline absorbed dose) between small and
large animals. Air doses do not reveal this relationship.
The LD50 for large species is ,...., 250 rad or less for
X-rays with uniform dose distribution in tissues, that for
small species is approximately double this value or
greater.

38. The tissue-dose LD50 values for small animals
presently available are all ,...., 400-800 rad for X-radia
tion, and between ,...., 550-800 rad if the guinea pig is
excluded. The differences might be smaller if different
species were irradiated with identical relative dose dis
tributions, The. m~nkeJ: (Macaca mulatta) cannot be
considered, radIO-bIOlogIcally or haernatologically" any
"~laser" to .man than any other small species. Man is
difficult to SImulate quantitatively in total body radiation
!BR studies with smaller animals (table 1).58 The dog
IS not large enough for direct comparison.

. 39..The data on guinea pigs given by several previous
mvest~gator.su. 80--41 ar~ <?ften ?ifficult to evaluate owing
to dosirnetric and sta~lsttcal dIfficulties; possible effects
of animal strain ; possible disease in some animals.24,(2,.s

40: .Large animals exposed under similar geometrical
conditions have rath~r uniform LD50's (again, the higher
LD 50 values for animals given v-radiations should be
corrected for RBE, and dose rate factors before strict
comparison with :X-ray data), perhaps partly because
large ammals, unlike small, provide their own constant,
maximum scatter.

FACTORS INFLUENCING RADIO-SENSITIVITY

35. Factors influencing radio-sensitivity are reviewed
in annex B as are the radio-sensitivities of viruses,
bacteria, protozoa, and other unicellular organisms.

LD soand age

41. The average or median acute lethal dose (LD
50

=
30 days) for young adult mammals is within r-J 300-900
rad ..~hile it is customary to give the LDfiO for a given
strain independently of age, age causes variations.

122

to in vivo conditions estimated the sensitivity of mouse
leukaemia cells and haematopoietic stem cells irradiated
in vivo in mice. In both experiments survival curves were
very similar to those obtained with human tumour
(HeLa) cells irradiated in vitro. These observations are
important for radio-biological theory, but much work
remains to be done to determine how far the results
apply to cells in their normal in vivo environment. The
significance of the shapes of the survival curves for the
basic mechanisms involved is still obscure. Elkind's
work" underscores the considerable significance of re
pair mechanisms in the response to fractionated or pro
tracted exposure.

RADIO-SENSITIVITY OF MALIGNANT TUMOURS1 8

29. Radio-sensitivity of a tumour depends primarily
on the radio-sensitivity of the cell of origin. Gross reduc
tion in tumour size depends on the proportion of cells
immediately affected by radiation. A lack of immediate
visible response does not necessarily indicate radio
resistance. Radio-sensitivity is not synonymous with
radio-curability.

30. Therapeutic irradiation of malignant neoplastic
tissue may induce almost immediate inhibition of mitosis
followed soon after by increased abnormal mitoses and
cell death." If new radiation reinduces this effect, com
plete tumour destruction may be expected; but in many
tumours intensive radiation may not induce this response
and the tumours keep growing.

31. Cells within a tumour may differ widely in sus
ceptibility to radiation. In tumours of predominantly
radio-sensitive cells (lymphosarcoma, myeloma) a small
dose of radiation destroys immediately most cells with
evident reduction in tumour size, although the growth
may recur rapidly. In tumours havings cells in different
stages of differentiation (epidermoid carcinoma), even
a large dose of radiation may not visibly affect the most
differentiated cells: no gross effect may be seen for days
or weeks, yet destruction of basal cells eventually causes
complete disappearance of the tumour, In tumours of
radio-resistant cells (malignant melanoma, rhabdomyo
sarcoma), a most intense radiation may not cause any
immediate or late effect.

. 32. Misunderstanding of response of tumours to ra
diation has resulted in semantic confusion about radio
sensitivity (see discussion of this situation by Stewart
and Warren 2

D- 21 ) . The number of mitoses or the propor
tion of undifferentiated cells may indicate the immediate
response of radio-sensitive malignant tumour, but ana
plasia and reproductive activity are not p'er se signs of
radio-sensitivity in any or all malignant tumours.
Marked differentiation in an epidermoid carcinoma may
Im1?ly a lesser degree .of radio-sensitivity, but no epider
moid carcinoma merits the description radio-resistant.
n?T does a basal-cell carcinoma simply because it fails to
dIsappear as rapidly as others.

33. Clinical observation has established a scale of
radio-sensitivities of malignant tumours in order of de
creasing radio.-s~nsitivity: malignant htmours arising
from h~e;no:p01etlc or~ans (l:ymphosarcoma, myeloma) ;
Hcdgkin s disease: epidermoid tumours of the upper air
passages; semmomas and dysge~minomas; Ewing's sar
coma ~f the bone ; basa~-~e11 carcinomas of the skin; epi
derrnoir] carcinomas ansmg by metaplasia from colum
nar epithelium; epidermoid carcinomas of the mucous
membranes, mucocutaneous junctions, and the skin;
adenocarclnomas of the endometnum, breast, gastroin-



42. In the mouse susceptibility is maximal at 30 days,
decreases rapidly to that in young adults, remains con
stant until advanced age and then increases rapidly. In
the rat the LD50 at age 3 months is I"'-' double that at 3
weeks; beyond 3 months it diminishes approximately
linearly with age. More study of this relationship is
needed, but it is now evident that susceptibility of a
whole population cannot be adequately denoted by a
single LD 50 . Published values are usually obtained from
young adults and are therefore maximal or nearly so for
the strain. This age-dependence must be taken into ac
count in estimating the LD 50 for man.

LDsoin man

43. Several sources of data are relevant to the LD 5 0
in man, but each has serious limitations. There are data
on large animals, and also on Japanese at Hiroshima and
Nagasaki, on Marshallese, and on patients given thera
peutic TBR.

44. If the data for large animals apply also to man,
the acute LD50 for man should be I"'-' 250 rad for uni
form total body radiation, dose expressed as absorbed
dose at the midline. This accords with the low value esti
mated from the Marshallese exposed to fall-out y-radia
tion 38,H and indicates that the true value probably lies
well below the 450 rad air dose commonly quoted. From
the Marshallese data, the near sub-lethal dose for man
could be estimated; this fixes the lower part of the sur
vival curve at I"'-' 200 rad. In dogs and swine an increase
of 100 rad over that received by the Marshallese would
be well within the lethal range. If one uses the same slope
for man as for dogs, the 90 per cent mortality dose is
about 500 rad. By splitting the difference, the LD50 for
man, in the absenc~ of complicating thermal injury,
trauma or therapy, 1S I"'-' 360 rad." Recent data on pa
tients treated with TBR also indicate this low value.44 , 46 ,4 7

200 r TBR depresses haematopoiesis severely but one
must recall that these subjects are already infirm. Blair4 8

extrapolating from the same Marshallese data, concludes
that the LD60 (air dose) for man probably is not below

400 r. Both authors, using the Marshallese findings,
extrapolate from data in animals, and emphasize the
large uncertainty in the quantities deduced. Conflicting
facts of trauma, thermal injury, poor nutrition, high and
low neutron component in the Hiroshima and Nagasaki
bombs, and incomplete knowledge of the position of
individuals and surroundings, complicate calculation of
the LD 50 for man from the Hiroshima and Nagasaki
data.

45. Recent data on large doses of radiation on
man 40, 54 do not suffice for accurate estimation of the
LD50. 59, 55 Difficulties in evaluating complicated dosage
situation in reactor accidents have been reviewed else
where.P" and are discussed later in sections IV and VIII
on effects in man and on treatment.

LD so and dose-rate

46. Figure 156 summarizes data on the relation be
tween LD50 and dose-rate. For all species the LD6D in
creases with decreasing dose-rate.

RADIO-SENSITIVITY

47. This discussion has dealt with only certain aspects
of radio-sensitivity. A survey of the different radio
sensitivities of cells, tissues, organs, neoplasms, and or
ganisms indicates that radio-sensitivity is a complicated
concept: theory is incomplete (para. 20) and radio
sensitivities of isolated cells may apparently differ from
those of the same cells in vivo. Investigators should be
aware of these differences and not use radio-resistant
organisms in their study of radiation effects from fall
out or for those circumstances in outer space where low
dosages are to be expected. Different radio-sensitivities
of cells, tissues and organs underlie the hierarchy of
deaths in the different lethal dose ranges and also the
different patterns of recovery after radiation below this
range. This is discussed in section IH.

m. Somatic radiation injury and its repair,
particularly in mammals

MODES OF DEATH WITH TBR

48. Acute total-body and regional exposure may cause
various syndromes or modes of death depending on dose
level time after exposure, type of radiation, and spe
cies.51-59 Very high doses (tens of thousands of rad)
cause death in mammals in minutes or hours; this syn
dromeoo-o1 depends on irradiation of the brain. The
marked symptoms of brain dysfunction suggest that
death may be from neurological damage. This type of
death can also be produced by radiation of the head
only.6z-oa

49. The order of events preceding death are dose
dependent. As dose is reduced, survival time increases
until the 3-4 day "gastrointestinal" type of death is
seen. This familiar dose-survival time-curve" has been
examined for X-rays, thermal neutrons, and fission
neutrons."

SO. In the "bone-marrow" syndrome, in the low-lethal
dose ranges, no doubt the sequelae of pancytopenia
(infection and haemorrhage) cause death; the precise
mechanism of death remains open.05-66 Sporadic deaths
occur in the few weeks after the bone-marrow death
period, when the marrow has essentially recovered. The
cause of these deaths remains obscure.
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Partial body irradiation

51. Quastler et al.07 have reported deaths two weeks
after irradiation of the head, jaw or tongue o.f the mouse
with 1,500 r or more. The mechanism remams obscure.
Similar deaths have been reported after 1,500 r to the
head of rats. 08 Dogs given 1,750 r to the head only sur
vived five months or longer.?" In the "total head" (brain)
studies of Mason et al judging from survival time, the
effect described by Quastler 07probably caused death.

52. The gut syndrome is identical if caused by
TBR or by local irra~iation c:f a . large .se~ent .of
bowel.57- 5D, 7J.- '72 Re-section of Irradiated intestine m
creases survival beyond the time when death from the
gut syndrome would otherwise be lethal." Depletion. of
fluids and electrolytes contnbutes greatly to the Im
mediate cause of death since massive fluid replacement
prolongs survival. 74 Death from this syndrome can be
prevented in some animals ~y shielding only a; s~all

portion of the duodenum or Ileum, but not by shielding
the caecum or stornach ;" the authors feel that protection
operates through protection of some bowel function
rather than by repopulation as in spleen or bone-marrow
protection. 76

53. The bone-marrow syndrome and shielding have
also been studied by Lamerton et al.77

-
7 D They showed

clearly by weight changes two phases of radiation injury,
and confirmed that shielding of even a small portion
of bone-marrow minimized haematopoietic depression.
They also emphasized the importance of anaemia in the
acute bone-marrow syndrome in the rat. The remarkable
protection given by marrow shielding and the degree to
which this may be masked by bowel damage have been
shown by Swift et al.BD

54. Maisin et al. in Belgium have studied shielding in
detail Bl-B3 and concluded that:

(a) There are at least two syndromes after TBR;
(b) Shielding of bone-marrow or bowel prolongs sur

vival; and
(c) Protection of bowel and bone-marrow by shield

ing acts synergistically.
These conclusions agree with those of many work-
ers.67,58,75,84, B6

EARLY AND LATE ORGAN EFFECTS

Blood and blood-forming organs

SS. Haematopoietic tissue is one of the most radio
sensitive tissues with cell death as end-point. In general,
the sensitivity of bone-marrow of different species in
creases from rat, rabbit, mouse, chick, man, goat, guinea
pig to dog.BOAfter an LDoo dose the mitotic index falls
and erythroblasts decrease within an hour. Within a few
hours there are many dead cells and cellular debris.
Myeloid elements regress increasingly with cytoplasmic
and nuclear disintegration. After 9-10 days, the marrow,
filled with a gelatinous, relatively acellular mass contain
ing degenerating cells, has only the relatively radio
resistant fibroblasts, blood vessels, and primitive reticular
elements. Animals which will survive, regenerate normo
blasts and myeloblasts from spared haematopoietic
precursors, and eventually the marrow may be completely
regenerated. In rats and rabbits, after doses in the lethal
range, erythropoiesis regenerates earlier than myelopoie
sis ;87-88 in mice both types regenerate at the same time,
or myelocytes first. B7-BD The effect of radiation on bone
marrow has been reviewed extensively.88-Bl
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56. Levels of cells in the peripheral blood reflect
changes in number and maturation .tIme ?f pre~urs?rs
and their own life span an~ changes In the~r dIstrt~U~lOn
throughout the body. With some species variation,
lymphocytes decrease most rapidly, granulocytes a little
more slowly' later platelets decrease and much later,
erythrocytes.' Usuahy an overwhelming bacteremia a~
companies profound granulocytopema; germ-free am
mals die of anaemia.P"

57. Leukopenia appears faster and is m?re severe in
irradiated weanling rats and hamsters than m ~dults, but
recovery is more rapid, indicating a more labile homeo
stasis.9 B- 0 4

58. Extracellular fluid and plasma volume increase
after irradiation in dogs," rats," mice," and rabbits" at
the expense of intracellular fluid. An initial decreased
plasma volume of rats accompanies radiation diarrhoea."

59. In rodent spleen, as in marrow, LD 50 i~radi~tion
inhibits mitosis and damage to lyrnphocytes 15 evident
within an hour. In survivors regeneration begins on days
9-10 but in lymph nodes, destroyed follicles may 110t be
restored for three weeks. As in bone-marrow, injury
increases with dose within certain ranges. In different
species, a particular dose-level damages lymphatic tissue
similarly, regardless of lethality.v"

60. Cell destruction shrinks lymphoid tissues. The
dose-dependency of the weight response of spleen and
thymus is discussed in section VII (dose-effect relation- I

ships). Weight loss is in part directly due to radiation
damage and in part indirectly mediated through the
adrenal has a stress effect.lOO

Digestive tract

61. Sensivity of the epithelium of the small intestine
is second only to bone-marrow in deciding survival after
TBR with X- and gamma rays. After irradiation at high
LET, the intestine may be the critical organ determining
survival at the LDoo in mice.'?' In mice, doses below
1,000 r damage the intestinal mucosa but animals do not
generally die from this cause but rather between days :
10-14 from bone-marrow damage. From 1,000-10,0001',
mice die 3-4 days after irradiation with complete denuda
tion of intestinal epithelium j"- death is due to failure of
food absorption, dehydration from diarrhoea, and bac
terial invasion, and toxaemia.U 2,lOS

62. The radio-sensitivity of the various parts of the
alimentary system varies greatly: stratified squamous
epithelia are of the same sensitivity as the epithelium in
the skin ;104 intestinal mucosa is much more sensitive
than gastric mucosa; small bowel more than large. 105• 104

"Oral" radiation death has been described in mice."
Death does not resemble that from intestinal or bone
marrow damage.

63. The stomach and esophagus are more radio-resist
ant than the intestine.~o7,~08 Two effects may be seen in
the stomach: (a) functional and degenerative morpho
logical changes with subsequent repair; (b) development
of gastric ulcers in man several weeks after 1,600 r tissue
doses given to the gastric fundus over ten days in divided
doses via anterior and posterior fields.10g Destructive
changes seen as early as thirty minutes after moderate
doses in rabbits exposed to LD oo/ 30 days of X-rays
,-J 800 I' are most pronounced after eight hours and
repaired within four weeks.'> Similar effects are seenin
mice after 350 r, in rats after 400 r, and in chickens after
800 I' total body radiation. There is hyperplastic regen-



erative activity with continued degeneration of many
cells for the first few days. At twenty-one days all
mucosae, possibly with the exception of duodenal crypts,
are normal. Damage is greatest in duodenum, least in
colon and rectum.

64. Doses of 1,000-1,200 rad given localIy 1ll ,112
diminish gastric acidity and gastric ulcers may develop
after several weeks. ll 3-n e Although radiation increases
intestine tone and contractions, gastric emptying is
de1ayed.u 7-1.19 In dogs, gastric emptying time is pro
longed only after three or four times the LD 50,"2.10 but
after as little as 25 r in rats.

Reproductive organs

65. Acute doses of radiation causing only marginal
changes in the gut or blood-forming tissues may induce
permanent sterility and endocrine dysfunction in the
female. Males may become temporarily sterile, but the
acute doses required to produce permanent sterility in the
male are above LD 100 in all species that have been stud
ied. Understanding the effects of radiation on the repro
ductive organs is important because those germ cells
which survive to form gametes can transmit the genetic
changes induced by radiation. Since genetic damage is
qualitatively as well as quantitatively dependent on the
germ-cell stage in which radiation was received 89,121-12<1
it is obviously important to know the relative radio-sen
sitivities of various germ-cell stages over a wide range
of doses and dose-rates.

M ale animals

66, In the male, the various stages in the development
of spermatozoa, from the earliest spermatogonia to the
nature spermatozoa, have very different sensitivities to
radiation. An understanding of normal spermatogenesis
s, therefore a prerequisite in understanding radiation
effects on the testis.

67. The spermatogonia of monkeys can be divided
nto type AI, A2 , BI, B2 , Bs.1 25 In rodents spermatogonia
ian be divided into type A (dusty) and type B (crusty)
oy cell morphology and developmental potentiality; a
.ransitional type between A and E, designated as inter
nediate spermatogonia, can also be identified in rodents.
'n mammals, type A spermatogonia are the true stem
.ells and through stem cell renewal form an unlimited
rumber of spermatocytes while maintaining a constant
.ell population. This wave of activity leading to new
.permatocytes is cyclic. In the monkey, type A sperma
ogonia undergo mitosis and transform into type A2
.permatogonia and so on until type Bs spermatogonia
livide to form resting primary spermatocytes. In the
nouse and rat type A spermatogonia undergo a series of
nitoses, and most of the products of the final division
ransfonn into intermediate spermatogonia. The inter
nediate spermatogonia divide to form type B cells, which
n turn divide to form resting primary spermatocytes.
)etermination of the developmental potentiality of indi
idual spermatogonia takes place before the last division
f type A cells, in which certain spermatogonia form the
tem cells for the next multiplication cycle,l2T,1.28 This
asic process is essentially the same in all mammals
tudied including the monkey and man, 125,120 variation
; associated with differences in the number of identifi
ble spermatogonial types and duration of sperrnato
enesis,

68. Because of the similarity in normal gametogenesis,
le radiation response of the testis is basically the same
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for all mammals, but modifications are required in extrap
olating from the response of laboratory animals to that
of domestic animals and man. Thus species may differ
in: (a) duration of spermatogenesis (Le., the time for
type A spermatogonia to develop into mature sperma
tozoa), e.g. spermatogenesis takes 35 days in mice, and
according to Arsenyeva and Dubinin r-' 70 days in
monkeys.v" It is probable that duration of spermato
genesis in man is nearer that of the monkey than that of
the rnouse : Cb) time for spermatozoa to travel from the
testis to the ejaculate; (c) regeneration rates, which are
a function of (a) above; and (d) possibly, intrinsic
sensitivity,

69. Adult male mice given acute doses of 200 to 1,000
r either to the testes only or to the whole body (high
doses, of course, are limited to partial-body exposure),
are initially fertile, owing to continued development and
utilization of gametes irradiated as mature spermatozoa,
spennatids, and possibly spermatocytes. An infertile
period follows owing to destruction of spermatogonia.
A few type A spermatogonia, however, survive and re
populate the seminiferous epithelium, and almost normal
fertility eventually is regained. Doses of 100 r cause
temporary sterility in the monkey for r-' 2 to 3 months.P"

70, Sensitivity of the different stages in spermato
genesis has been most thoroughly investigated in the
mouse, Intermediate spermatogonia and early type B
spermatogonia have LDuo's in the range of 20-24 ryB
Type A spermatogonia show a wide range of sensi
tivities. At doses below 25 1', survival is comparable to
that of intermediate spermatogonia; but, at higher doses,
survival is relatively much greater.P" A few type A
cells survive doses as high as 1,500 r. Thus the paradox
of high sensitivity of spermatogonia, which results in
the temporary sterile period coupled with high resistance,
which leads to return of fertility, is readily explained.v"
The primary effect leading to depletion of spermatogonia
is cell death, mostly in interphase or early prophase,
before cell division.v" With doses of 100 I' or more, some
cells die after cell division, probably because of chromo
some imbalance; a few cells appear to divide several
times before degenerating, but these effects involve only
a very few cells. As a result of extensive necrosis, par
ticularly in interphase and early prophase, it is difficult to
estimate the amount of spermatogonial depletion arising
from mitotic inhibition; this inhibition is probably com
parable with that seen in other germinative tissues.P"
Doses of 100 r caused the death of all BI, B2 , and Ba
spermatogonia in the monkey.F"

71. In mice, spermatocytes show no immediate dam
age even after radiation doses of 1,0001', but degenerate
during meiotic division, From the number of spermatids
formed, LD 50's ranging from 205 r for preleptotene to
837 r for diakinesismetaphase I have been obtained.P"
In the monkey, resting spermatocytes are damaged after
100 1'.1.20 Spermatids formed by irradiated spermatocytes
show anisocytosis, indicative of aneuploidr and hetero
ploidy; this later results in many abnorma spermatozoa
in the ejaculate,

72. Spermatids and spermatozoa show no morpho
logical changes after irradiation nor is the rate of sper
miogenesis altered. Mature sperms may be motile after
50,000 1',133 Such sperms, however, have such severe
genetic damage that normal development of a resulting
zygote is precluded.

73, The efficiency of fractionated vs. single doses is
influenced by size of the fractions, intervals between



doses, and total dose. In the mouse, fractions given
within a 4-day period act as a single dose.m Maximum
effectiveness of fractionated doses in different species
depends on duration of normal spermiogenesis and re
productive potential. Because information is scarce on
the dynamics of spermiogenesis in species other than
mouse and rat, contradictory assumptions have been
made, in planning experiments and in interpreting data.
In dogs, a single total body dose of 300-375 r results in
only a partial and temporary reduction in spermio
genesis, with return to normal within a year. This con
trasts with complete aspermia after 375 r given over
twenty-five weeks at 15 r/wk, there being no sign of
recovery within a year after irradiation." In the dog,
long-term radiation gradually reduces the number, mo
tility and viability of sperm. Such damage is one of the
most sensitive indicators of chronic damage seen so far
in dogs given 3.0 r/wk, i.e. 30 times the average maxi
mum permissible dose-rate (occupational).

74. With prolonged exposure at low dose rates, an
equilibrium is established between the cell death, mitotic
inhibition, and regenerative activity of the seminiferous
epithelium.v" this equilibrium being depenclent on dose
rate rather than total dose. If dose rates are low enough,
e.g. 10 r/wk in the mouse or 0.1 r per day~a6 in the
dog and some other species, fertility remains unaffected
even after thirty weeks' exposure. Histologically, how
ever, a decrease in cell populations can be demonstrated
after 100 r at this dose rate.?" At 90 r /wk, cell popula
tions are severely depleted, and if doses of 300 r or more
are given, temporary sterility is comparable to that fol
lowing the same dose of acute irradiation.v"

75. Testis weight as a biological indicator of radiation
damage is discussed later under "Dose-effect relation
ships" (section VII).

Man

76. A single dose of 400-600 r to the testes may cause
permanent sterility.m Temporary sterility of twelve
months' duration usually follows 250 r; even 30 r to the
human testis ~ay be injurious. HO In relating studies on
labora~ory animals to the response in man, it is of pri
mary Importance that corrections be made for differ
ences in time-sequence arising from differences in the
rates of normal gametogenesis. Such a correction factor
would for example explain the slower recovery in man.

Female animals

77. Since .there are no cel~s comparable to type A
spermatogonia (stem cells) In the adult mammalian
ovary, fem~~es of some species are more easily perma
.nently sterilized t?an are males. The supply of oocytes
If once destroyed IS not replaced.

78. The adult female mouse given 300 r acute TBR
produces, on the average, 1.4 litters as compared with
14.9.i.n c~ntrols. A dose of 100 r TBR produces complete
s~tenhty 111 ~elv~ weeks, 5.0.r in twenty-two weeks.w
Even 30 r, given m three divided doses at weekly inter
vals, produces sterility in some animals.w' The mouse
ovary tends to develop invaginated tubular down
growths of germinal epithelium and ovarian tumours.
These changes, which are readily increased by relatively
low. ~oses of. radiation, are, however, not the cause of
stenltty.: stenl~ty results from the killing of oocytes in
~eveloptng follicles, Since oogonia are no longer present
m the adult, there can be no repopulation of germ cells.

79. In the adult mouse, all oocytes, except those about
to be ovulated, are in dictyate stage. Dictyate oocytes in
early follicles are the most radio-sensitive cells in the
adult ovary, and are completely destroyed by 50 r.W
As the follicles mature, resistance of the contained oocyte
increases, and at least one litter usually is obtained from
females given 400 r.14~ A similar increased resistance
with development of the follicle has been observed in
the rat,144 but the dose required to sterilize the female
rat is higher. Resistance of mature follicles also is shown
in women, since there are a few ovulations after 300 r ;
early follicle stages must be resistant, however, because,
after a period of amenorrhea, ovulation begins again."!

80. Species comparisons are very difficult in the
female, since meiotic prophase stage, relative frequencies
of resistant and sensitive oocytes, rate of follicle growth
and number of oocytes required for normal fertility un
doubtedly vary widely. Valid comparisons of intrinsic
sensitivities require more information on the cytology
and dynamics of normal oogenesis.

81. In mice lowering the dose rate decreases the
sterilizing action of a given dose of radiation. The short
ening of the breeding period-the characteristic effect of
radiation on female fertility-is dependent on dose rate.
~ract.ionation a~d even more directly, long-term admin
istration of a gIVen total dose postpones the onset of
sterility. The greater the fractionation and the more pro
trac~:d the long-term dose, the longer is the onset of
sterility postponed. These results indicate that some ra
~iation damage to oocytes can be repaired, and that repair
~s grea~er at lower dose rates.~4.~ Conflicting conclusions
~n th: h~erat;.tre14G-HBare due to the use of the first post
~rradlatlOn htter, not length of breeding period, as the
index of effect.

Sexually im.mature animals

82. Studies in laboratory mammals show that germ
cells may change sharply in radiation-sensitivity as the
animal develops. In the female mouse, for example, the
lat~ foetus149-~6~ and the newborn-" are relatively more
resistant than the adult; but, only two days after birth,
a t,:"o-wee~ yer,iod of extreme sensitivity sets in, during
which sterility IS much more readily induced than in the
adult.~62

83. The fertility of animals irradiated in utero or in
early post-natal life can be understood only in terms of
t~e normal development of germ cells and the sexual
d:n:o.rphism whicJ: exist.s in this respect. During mitotic
divisions of the primordial germ cells or their precursors,
~ale~ and females are about equally sensitive to radia
tion-induced depression in fertility. In the mouse both
sexes, when irradiated with 200 r as 7,% or 90; day
em!;lry?s, show somewhat depressed fertility throughout
their ltves.153 In the female, the fertility depression be
co~es greate~ ~oll?wing irradiation at a later stage, day
1~~ postfertilization, and even greater for day 13~.1U
Similarly, the ~eve1oP1?entally corresponding stage in
t~l: rat, day 15 IS, by histological criteria, the most sen
sl~lve. of the fo~tal s1;ages.154 It should be noted that
mlto~ls of the primordial germ cells in the female is at a
maximum .<l:t .thls sta.ge. In the male rat, on the other
hand, sensitrvity continues to increase and is highest all
day 19.15G

84. With the onset o~ meiotic prophase, sensitivity is
f.ound t<;1 decrease, well m accord with the relative radia
t~on-reslstanc~ of this stage demonstrated in a wide va
nety of organisms. In the female mouse and rat meiotic,
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prophase begins about four days before birth. In male
foetuses of the same age, however, the germ cells present
are still in a primordial stage and undergoing mitosis.
This sexual dimorphism in development explains the
apparent reversal from the adult situation of differential
sensitivity of the sexes that has been observed for late
foetal stages H O- l51 when males are more sensitive than
females.

85. Shortly after birth, when the progress of meiotic
prophase ceases in the female, and the oocytes assume the
early dictyate phase, a period of extreme sensitivity
sets in. This has been demonstrated by fertility studies152
and histologicallyv" in the mouse, and histologically in
the rat,lH In the mouse, an LD 50 of 8.4 r (95 per cent
confidence limits: 7.2 and 9.7 r) has been observed for
oiicytes in the smallest follicles of ten-day old females 161
and even long-term irradiation has severe effects on
fertility.m

86. It may provisionally be assumed that the mouse
and rat results here summarized can be extrapolated to
equivalent germ-cell stages (rather than equivalent ages
in other species. In particular, the existence of periods
of extreme sensitivity at certain stages in the develop
ment of the human ovary is a possibility of the utmost
importance.

87. The effect on foetal cells is discussed further
under the section on embryos in this chapter.

Nervous system

88. The brain is more radio-sensitive than generally
rupposed. Although no morphological change has been
ieen at LD 5 0 doses, transient functional changes have
ieen reported at low doses. Doses of 100,000-200,000 r
till almost instantly, probably by destruction of medul
ary centres.P" With lower doses that kill hours after
xposure, there is a question how much brain damage is
aused directly by radiation and how much is secondary
J vascular destruction. The effects of 2,500-10,000 r
ave been described in rabbits158-l5o and monkeys.1SO-102
)oses in the LD fio rangel08 cause no EEG changes in
ronlceys but these are induced within 1-2 minutes after
-radiation at 1,000 r/min.lo4 Single exposures of 1,000
,500 r of X-rays may quickly kill a few oligonden
roglia and some neurons.v" The developing nervous
{stem is much more susceptible to radiation injury.
ingle doses of a few 100 r kill the most primitive em
ryonal neural cells, and as little as 20-30 r are damaging
. animals.w" This is discussed later in this section
oaras. 170-192).

89. In contrast to the brain, the spinal cord and l?eriph
al nerves are highly resistant. No alteration in
ructure or function of monkey spinal cord was found
ter twenty-four hours y-radiation at 135 r/hour.167

amage of the spinal cord blood vessels by doses of
JOO r and more can induce occlusive disease leading to
:hemia of the cord, Le., radiation myelopathy as a late
ect.

90. Radiation can condition the behaviour of rats,
ce and cats so that they avoid identifiable stimuli pre
rusly associated with radiation exposure.1SB-m ) Fast
.rtroris as well as y- or X-rays can condition such
taviour. A TBR dose of 7.5 rad given animals was
ficierrt to alter preference for saccharin. Animals
r.n to avoid a compartment in which they had been
adia.ted, and this avoidance is more pronounced when
te cues are coupled with radiation exposure. Localized
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radiation to the abdomen of 54-108 r induced avoidance;
similar doses to other areas of the body failed to do so,
but such limited exposure was not as effective as TBR.
Changes in the conditioned reflexes of dogs have been
reported after single TBR and local head irradiation at.
5, 10 and 20 r. 171 Work in the USSR on effects of radia
tion in the central nervous system172 and on its sensi
tivity to low-level radiation was recently reviewed.m
Some effects of low doses, interpreted as effects on the
nervous system, are based on the concept that the eNS
controls all reactions in the organism. Thus, post
irradiation pancytopenia is considered an effect mediated
via the CNs.m

Eye

91. The lens of the eye is highly susceptible to irre
versible damage by radiation. Sensitivity varies with
subjects and with type of radiation. Doses of 15-30 r,
X-rays and possibly 1 rad of fast neutronsv- induce
minimal lens opacities in the mouse; the threshold sensi
tivities of rats, rabbits, dogs and man decrease progres
sively for X-rays, f3-rays and neutrons.

92. The retina is more resistant than the lens. In the
monkey, 2,000 r destroys the rods; 30,000 r induces
morphological change in all retinal elements.m - 17 6

Retinal haemorrhages, retinitis, choroiditis, and irido
cyclitis developing days to weeks after TBR are due to
systemic alterations.':"

93. Some very low doses-0,5 to 1.0 mr-give the
sensation of light in man.H8In frogs, electroretinograms
(ERG) and the discharge of nerve impulses by retinal
ganglion cells in response to retinal irradiation have been
rneasured.v" Less than 11 r caused an immediate tem
porary rise in the light threshold, and 0.7 r caused an
immediate temporary rise in the X-ray threshold 5 X
greater than the rise in light threshold caused by a
threshold light stimulus. Doses of 5-100 r, after tem
porary intensification of the electrical response of the
retina to light depress it down to complete loss even
after the lowest dose.P" The conclusion that high-energy
irradiation of the eye produces effects with doses as low
as 0.5 mr needs further study.F"

Liver

94. Judging by morphology, the liver is radio-resist
ant as compared with other organs although minor
cytological changes have been seen.18l-l85 A low (6 per
cent) casein diet tends to result in cirrhosis several
months after rats are given 500 r.186-187 Liver regenera
tion, as measured by weight recovery, is not impaired
by 20,000 r.188On the other hand, sublethal TBR greatly
increases the frequency of abnormal mitoses in regen
erating liver of the rat for at least 250 days.18B Decreased
incorporation of p82 into DNA of irradiated regenerat
ing liver lvo may, in pari, be due to decreased uptake by
reticulo-endothelial cells.

95. Changes in liver mitochondria were found in mice
6-8 hours after 500-1,200 r; their structural stability de
creased; they became vesiculated, globulated, and frag
mented; and were also decreased in number.v" These
alterations are not specific for radiation.

Kidney

96. Because impairment of renal function does not
contribute to mortality after TBR, the kidney is con
sidered radio-resistant; this is supported by clinical



radio-therapeutic experie~ce. Only if seyeral times t~e
lethal dose is given the kidney are marginal changes In

renal.function seen in dogs11l2and rats,193
97. Nephrosclerosis developing several months after

.exposure has been described in mice given 50q r ;194 mi~e

surviving doses of 800 r after treatm~nt With spl~mc
homogenates died probably of renal failure; 195 Similar
lesions (radiation nephritis) have bee~ seen in ?ogs a~ld
man after local irradiation of the kidney region With
larger doses. Avian kidneys are much more sensitive
than mammalian kidneys.F"

Circulatory system

98. Within a few hours after exposure to single doses
of X- or y-radiation in the LD5 0 range, arterial blood
pressure drops. It usually soon returns to normal and
remains so until a few hours before death. Although this
initial decrease has been reported in every species ex
amined, death from circulatory collapse may be induced
by LDno doses in the rabbit, chick, duck and burro.

99. Although only massive doses of radiation induce
histological change in the heart, ECG changes have been
found in dogs/9r hamsters/os and rats 1nS after LD uo
doses. ECG changes are at least in part due to change in
potassium concentration in serum ;200 radiation causes
release of potassium from the isolated rabbit heart and
from the heart irradiated in situ.1 99 Doses of 1,000
2,000 r produce slight vasodilation in theperfused iso
lated rabbit ear; doses of 2,500 r and above bring imme
diate vasoconstriction;201~202 after 8,000 r flow is com
pletely inhibited for fifteen to twenty minutes; the blood
vessels are damaged at all those doses as indicated by the
appearance of increased amounts of protein in perfusion
fluid.

Endocrines

100. In general, doses in the LD/io range induce few
signs of damage in endocrine tissue. The normal adult
thyroid gland is fairly radio-resistant: 17,200 r given
locally causes negligible changes in rats ;203 10,000 r may
cause histological change in dog thyroid.F'" Local irra
diation of the thyroid of young or mature rats with
5,000 r X-rays does not cause morphological change,
modified basal oxygen consumption, or loss in body
weight.v" In tadpoles more than 20,000 r are needed to
alter the thyrotropic function of the pituitary.v'"

101. Doses of 5,000 r alter the alpha cells of the islets
of Langerhans in the pancreas; beta cells show little
change below 20,000 1'.207 Adrenals show degenerative
changes after heavy local irradiation (> 5,000 1') but
after 1,000 r only minimal morphological change in cor
tex and medulla.208/z09

Skin

102. Degree of skin damage after irradiation depends
on the dose received and also on the species of animal.
Individual differences in sensitivity are fairly large.
Furthermore, the various structures of the skin have
large differences in sensitivity.

103. Epithelial changes in the skin of the mouse ear
have been described after a dose as low as 35 1'.210
Epidermal mitoses are much reduced. After 600-800 r
TBR some inflammatory reactions with slight hyperemia
and some oedema are seen.89, l04.2l1., 212 After higher
doses the epithelial cells become swollen and vacuolated.
Vascular changes presumably play a great role. After
severe irradiation the inflammatory changes may be fol
lowed by sclerosis with loss of elastic fibres and hyalini-
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zation of the collagen. The skin reactions generally are
more severe after exposure to less penetrating radiation,

104. From extensive studies on the effects of locally
applied radio-isotopes on the skin,. it ha~ b.een fou~d that
exposure of the skin to external ,a-IrradIation may I11duce
severe skin lesions.

105. According to Moritz and Henriquess'" f3-irradia·
tion of pig skin produced epidennal atro1?hy, appcaring
one to two weeks after exposure and lasting for two lo
three weeks often with ulcerations and transcpidenml
necrosis. H~aling was slow, and often a chronic radio
dermatitis persisted.

106. Presumably the late deleterious changes in irradi,
ated skin are the direct result of radiation damage to
epithelial cells and indirectly the result of starvation and
anoxia of these cells due to vascular radiation trauma,
Radio-sodium clearance measurements have, however,
led to the startling observations that the effective blood
flow in these densely fibrotic, scarred, and atrophied
tissues is functionally unimpaired at any time up to years
after irradiation.r> This indicates that vascular damage
plays little role in the deleterious changes a Her skin
irradiation. Some of the changes in the skin after irradia
tion may be secondary to infection in radiation-induced
ulcerations.

107. The skin is more resistant to tumour induction
by irradiation than most internal organs. Cutaneous
tumours, however, were the first noted in man. owing to '
the relatively soft X-radiation used earlier and lack of
adequate filtration.

108. In animals, tumours of the skin have beenin
duced mainly by ,8-radiation, and eo-carcinogenic or pro
moting effects have been observed from application of '
chemical carcinogens"! or croton oil210 respectively.

Bone

109. Bone tissue is generally believed to be relatively:
radio-resistant. Some observations, however, indicate
that bone tissue damage may follow even a rather low
dose. This is especially so in young individuals. The i
foetal skeleton is highly radio-sensitive j the svstem re- I

sponsible for bone growth may be especially severely
damaged by irradiation. The growth of long bones may
be inhibited. This is seen in rats after a dose of 600 r.m
A single dose of 400 r TBR of rats reduced the number
of osteoclasts.

110. The retardation in osteogenesis is permanent and
irreversible after 2,000 r local irradiation in rats, and
5,000 r to the femurs of guinea pigs caused a complete
osteonecrosis.

111. A characteristic feature after irradiation of bone'
tissue is the absence of any demarcation between normal ,
and irradiated parts. Irradiated bone is more easily in- •
fected than normal bone, especially if necrotic spots are
present but healing of fractures is not significantly
altered after moderate doses.

112. The effects of internal irradiation on bone are
described in section VI below.

LATE EFFECTS

L ife-shortcn i1lg218

Introduction

113. In mammals radiation in substantial doses to
whole- or part-body shortens life-span. In part-body



..
exposure, the life-shortening :ffect ~s var.iable depending
on the kind and amount of tissue irradiated as well as
dose. Radiation may shorten life-span by: (a) damaging
a specific tissue (e.g., dermatitis followed by skin can
cer) ; (b) inducing a specific disease (e.g. leukaemia) ;
(e) producing more generalized changes (e.g. lowered
immunity, damage of vasculo-connective tissue and pre
mature aging).

114. Data for man are yet inadequate to assess the
effect of radiation on life-span. From animal data and
the increased incidence of leukaemia in man after total
body or marrow irradiation, some life-shortening is to
be expected.

115. Comparisons of mortality rates of United States
radiologists with other physicians and the general male
population indicate that occupational exposure may have
slightly increased mortality rates of radiologists in past
decades. The cumulative doses are not known for indi
viduals; the dose-life-shortening relationship cannot
therefore be measured. British radiologists showed no
clear increase in mortality rates. This subject requires
further study.

116. In animals, the survival time for given dose rates
is generally shorter the more energy absorbed. Life
shortening is less for a given dose absorbed over a long
time than over a short one. Some evidence suggests that
radiation-induced life-shortening depends on genetic
constitution, age, and clinical status at exposure.

117. Animals irradiated with substantial but sublethal
TBR, after recovery from the acute early illness, die
prematurely. They develop the diseases of their species
earlier than usual and deteriorate sooner than non
irradiated controls, with various physiological and histo
pathological changes suggestive of senescence. At a first
approximation, comparison of mortality curves of sur
vivors of acute radiation mortality and controls suggests
that radiation causes premature aging in an actuarial
sense.

118. Some premature deaths after radiation are due to
the increased incidence of such diseases as malignant
neoplasms. This is especially true after localized irradia
tion from external sources or from locally deposited
radio-active materials. After TBR the number and vari
ety of diseases induced are greater than after localized
irradiation. At their respective median death times, ani
mals whose lives are shortened by single TBR and con
trols usually have approximately the same diseases,
although not necessarily the same proportions. Irradia
tion may separately induce each of the diseases of ad
vanced age or cause a general deterioration of body
tissues that advances the onset of most diseases to
roughly the same extent. Some animal species or strains
are unusually susceptible to certain diseases, e.g. ovarian
tumours and lymphatic leukaemia in mice, and mammary
tumours in rats.

119. In general, irradiation increases the incidence
and severity of recognizable diseases at given chrono
logical ages. When these diseases appear rarely or not at
all in controls, or are thought to have different patho
geneses from similar diseases in controls, they are re
garded as having been induced by radiation. Diseases
~olnrnon to the population which appear earlier in irradi
lted animals than in controls are regarded as having been
uioanced by radiation. In many experiments both effects
-nay be combined, with induction relatively greater after
ocal radiation and advancement relatively greater after
fER.

120. The life-span of animals often falls short of the
potential because infectious diseases kill many well be
f.or~ .senes~ence. In man, the counterparts of these life
IU;lltmg. diseases have been largely eliminated in coun
tnes With adequate medical services' non-infectious
diseases associated with senescence ar~ prominent In
animals, diseases of long latency may rarely or n~ver
develop spont~n~ously. within the life-span observed.
Consequently, It is possible that some if not all diseases
considered induced by irradiation ~ay be di~eases of
long latency whose onset has been advanced. When in
tensi:re, l?calized,irradiation causes a high incidence of
certain diseases, induced or advanced to the irradiated
p~rt, the incidence depends on the latent period of the
disease relative to the development of other terminal
diseases to which the animals are susceptible. This, in
turn, depends on the age of the animals.

121. These considerations on the effects of irradiation
on life-span, mortality curves, cause of death, and time
of onset of disease, together with available information
on clinical, physiological and histopathological effects of
irradiation, indicate a resemblance between the patho
logical events underlying radiological life-shortening and
premature aging processes. Whether the two processes
are similar is not clear, and whether they are identical
cannot be decided until the causes of radiological life
shortening and physiologicalaging are better understood.

Life-shortening by single doses in animals21 8

122. Recent data demonstrating life-shortening of
mice and rats by single TBR with X- or y-rays have been
given. 219

-
231 Data on rodents indicate that the life

shortening effectivenessof single TBR with x- or y-rays
increases as dose increases. The life-shortening can be
expressed either as an absolute time interval or as a
percentage reduction of life span. The use of the latter
definition in the following paragraphs does not imply that
a value obtained for one strain or species will necessarily
hold for another of different life-span. For doses up to
300 rad, the reduction per 100 rad is constant or slowly
increases with dose, but increases rapidly for doses ap
proaching the LDoo. Other data are not inconsistent with
a linear relationship>" At doses from 200-500 rad (y),
the reduction is 2-4 per cent per 100 rad depending on
dose. As one approaches the LD 50 (600-800 rad ) etc.,
reduction of life-span is accelerated about 25-50 per cent
(5-10 per cent per 100 rad).

123. Doses < 200 rad do not usually significantly
shorten life in the numbers of rodents tested to date.
On the assumption that effect remains proportional to
dose down to the smallest doses, extrapolation from pres
ent data gives an upper limit of ,...., 1-5 per cent per 100
rad to the life-shortening effect of single doses below
200 rad. It is possible that effectiveness falls below this
value for 10 rad or less.

124. Female mice show more life-shortening th~n
males at all dose levels, presumably due to endocnne dis
turbance after radiation damage to the ovary. The ex
traordinary radiation sensitivity of !?ouse oval)' has no
known parallel in other specl.es, ~or is there evidence of
disproportionate life-shortening m, female rats or glfmea
pigs. There is no baSIS f.or expectmg a large sex differ
ential in life-shortening m man.

125 The RBE of fast neutrons for shortening life is
compared to X- or gamma-radiation""" 2-3 at the LD oo
level. The RBE for life-shortening is thus a?out the
same as that for acute lethality. Although survival data
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found that exposure of mice 73q days old d~d not :ed~ec
lif - A explanation for this decrease 111 effect WIthI e span. n . 2fO • h' h .
age is perhaps found in expenments In W. IC mm
435 days old exposed to 500 r of TBR had an lIl~reaserl
death rate over controls twenty-four weeks later In male
mice and sixteen weeks later 111 females. Thus the dam
age which induces premature death ev?lves slo\V~y and I

since twenty-four wee~s .are an al?preclable .fra~t1on o!
normal life-span, irradiation of animals late 111 .hfe doe,
not allow sufficient time for damage to express Itself.

Partial-body exposures
130 Partial-body exposure of mice and rats is far less .

. , I' f tl TBR 228,280, :U!l-111effective in shortening 1 e-span tan '. .
The extent of life-shortening depends on area lrradlat~,

size of field, and total dose. Maisin et al. 242 found ~hat U1

rats survival curves had different shapes depending on
body part exposed. They conclude~ that the TBR sur
vival curve is a composite of partial-body curves and
that injury to various body regions summates to produce
the total-body effects. Lamson et ,al. 24 0 reported that life
shortening was roughly proportional to !he p~rcentage

of body radiated. But no cl.ear-cut ~elatlOnshw allows
direct extrapolation of TBR information to partial-body
exposure.

Role of genetic constitution and physical status218

131. Information on the influence of genetic constitu
tion on long-term survival after radiation is meagre b~t '
permits preliminary discussion..Most work on genetic
constitution in radiation-sensitivity of mammals exam
ines differences in response of genetically homoge!1~us .
(inbred) mouse strains and their hybrids. Susceptibility
to early acute death differs by somewhat less than a
factor ~f 2 between the most sensitive and the most
resistant strains. Resistance to acute death is apparently
correlated with general vigour i most radiation-resistant
strains are longer-lived and less susceptible to sponta!le·
ous infectious disease. A short life-span, If due to high
susceptibility to leukaemia does not appear to influence
susceptibility to acute death.

132. Lifetime follow-up of several inbred strains and
their hybrids after radiation indicates that the number of
days lost varies less between strains than does .acu!e
sensitivity. Most strain differences in Iife-shortening IS
due to strain difference in susceptibility to radiation- l
induced leukaemia; when leukaemia mortality is ex- I,

eluded, life-shortening due to all other causes varies c
comparatively little between strains and is independ~1 . U
of normal life expectancy. Thus, in the mouse, a maJ~r
component of life-shortening is independent of genettc
make-up, aside from the variable susceptibility 10 leu- r:
kaemia and ovarian tumour. The contribution of these r;
strain-specific diseases to total mortality is greater .in
the mouse than in other species for which data are a~a"- .\'
able; nevertheless, the range of variation in over-all life
shortening between strains is less than a factor of 2.

133. These results only partially answer the role of ::j,
genetic constitution on life-shortening even in the mou~e. Cd

Inbred mouse strains are highly selected genetic material lr,
from which many genes that could alter viability m.ay \U

have been eliminated. These genes are maintained in wild itl
populations by various mechanisms, some of which could ~fi
make an additional contribution to life-shortening by :n!
radiations. Furthermore, several of the most widely used t\1
mouse strains are genetically related, and are therefore te]
unrepresentative of the genetic potentialities of the .1nl
species. . ~d
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after a wide range of neutron doses are not yet ava~labl~,
accumulating evidence suggests that life-shortening Id
nearly proportional to dose, rather than an accelerate
function as after X- and gamma-rays. Consequently, the
neutron RBE for life-shortening incre~ses as dose de-
reases If the X- and gamma-ray effectiveness becomes

croportional to dose, at sufficiently small doses the RBE
for life-shortening by fast neutrons may approach

ll
a

limiting value. The highest value so far expenmenta y
seen is ,-.- 10.

126. Several studies are in progress 220, 288, 234 on life
shortening after a wide range of dosages i da~a from
Operation Greenhouse-" remain the most ~xtens1Ve. ~he

conclusions" that life-shortening is a non-linear ~unctl.on

of dose with an accelerating rate of loss of life WIth
increasi~g dose, has been challen&,ed.230 The dat~ ~f
Gowen and Stadler'"! covering a WIde dose range indi
cate a curvilinear relationship; and the dat~ of Storer
and Sandersr" compatible with a linear .relatlOnshlp, .do
not permit a choice between the alternatlyes. No studies
to date provide direct ~v~den.ce. for or ~gamst a threshold
dose below which radiation IS ineffective,

Life-shortening by multiple doses or protracted irradia
tion in animals 218

127. Small animals given comparatively small daily
doses of X- or y-radiation for several months or more
have about 11 per cent life-shortening per 1,000 rad.
The effect is proportional to dose, or nearly so, for accu
mulated doses of 500-2000 rad or more. This factor is
consistent with the rough estimate given for life-short
ening by small single doses.

128. The dose-effect curve for exposures over days
and weeks falls between those for single doses and those
for highly fractionated exposure; the slope of the ~urve
diminishes as exposure time le?gthens. ~ut, there IS ~o
sharply defined point on one SIde of which response IS
similar to that with a single dose and on the other re
sponse is similar to that for continuous exposure. Effects
intermediate between single and continuous exposure
have been shown.F" At present, data are insufficient for
formulation of empirical relations to predict responses
for all conceivable fractionation schedules. One difficulty
is the variable response of different strains of mice.
Appropriately timed fractionated exposures are clearly
more leukaemogenic than single exposures 237, 238 for cer
tain strains with a high susceptibility to radiation
induced lymphatic leukaemia. In such mice if leukaemia
is a major cause of death, fractionated exposures may be
more potent in life-shortening than single exposures288
even though the incidence of degenerative diseases, such
as nephrosclerosis, decreases with increasing fractiona
tion, Such data can be corrected for the high incidence
of leukaemia, or other strain or sex specific tumours to
evaluate life-shortening from other causes.224 Corrected
data, unfortunately, are not usually reported. Data on
life-shortening effect of a long-term protracted radiation
with fast neutron compared to X- or gamma-radiation
suggest an RBE of around 10.

Age effects2 18

129. Kohn and Guttman229 studied the important
problem of the effect of age at time of radiation on life
shortening in mice. Mice given single X-ray exposures
at ages 160, 435 or 535 days had less life-shortening than
mice irradiated at later ages. Total gross tumour inci
dence was also decreased. In another study, Kohn289



134. Human populations are genetically heterogene
ous. There is as yet no way to determine the influence of
this heterogeneity on radio-sensitivity from individual to
individual. Ethnic differences in spontaneous leukaemia
incidence suggest that, in man, as in the mouse, genetic
constitution plays a role in susceptibility to radiation
induced leukaemia.

• 135. A fraction of the human population may have
hereditary traits giving extraordinary susceptibility to
radiation-induced malignancies. Existence of such a trait
can only be established from data on familial tendency
towards such susceptibility or from a demonstrated cor
relation between such malignancy and some other geneti
cally determined trait. Large numbers of presumptive
radiation-induced cases would be required; may they
never becomeavailable.

136. Vigour or fitness probably correlate with acute
radiation-sensitivity in man-as in experimental ani
mals. Study of the influence of nutrition, exercise, dis
ease, and other environmental and physiological variables
on radiation effects has only begun; present judgements
must therefore be based on incidental clinical and ex
perimental observations.

137. Stresses may activate chronic or latent diseases.
Radiation may so act in certain disease; e.g. inactive
tuberculosis in monkeys and man and diseases caused by
Bartonella or Salmonella in rats. The nature of activa
tion is unknown, but is probably due to impairment of
.mmunological response.

138. In contrast, a therapeutic or prophylactic effect
)f irradiation on certain infectious diseases can mask
he life-shortening effect in experimental animals. The
ibserved life-span of animals is sometimes greater with
laily doses of 1 rad or so throughout adult life than that
If their controls.

"-ife-lengthening

139. Data on rodents exposed to small accumulated
loses (about 100 to 400 rad per lifetime) at low dose
ates were puzzling because such animals frequently
urvived longer than controls. 244,245 Although sampling
rrors and bias in experimental conditions may have Con
ributed, some recent findings suggest this effect may be
eal, 240 In many experiments showing increased survival,
aere was considerable intercurrent mortality early in
fe in control animals, presumably from infectious
isease, whereas irradiated animals had less mortality in
le same period. There is no evidence the maximal life
oan is extended in this, situation, or that the incidence
f cancer or degenerative disease is decreased. Since the
ruse of the prolonged survival is unknown, the signifi
mce for man is unknown.

"ature of the lesion in life-shortening

.140. The primary lesions responsible for non-specific
e-shortening in irradiated animals have not been
en tified. Casarett and eo-workers 247, 248 view arteriolo
pillary fibrosis as the major radiation effect. If they
e correct, it should be possible to show deficits in cir
lation in various organs and decide whether these
ficits go with normal aging. Such findings would not
ove a cause-and-effect relationship, but would at least
ow an association. Various hypotheses and models to
plain aging and life-shortening by radiation have not
.ped as guides for histological or physiological studies.
formation theory and somatic mutation240-255 do not
licate experimental approaches going beyond the
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presently recognized gen~tic ~pparatus. Sta~istic~l
theories based on fluctuations 111 mean physiologic
state 254,250 point to whatever the investigator is familiar
with as potential ar~a~ for. study..Theories based on
irreparable levels of n~J ury207, 258. P~lllt ?ut.met~ods ~or

measuring the level without achieving .ltS Identlfica~l.on
and similarly the hypothesis of progresslv~loss of ability
to repair damage i" does not tell anything about the
repair function itself. Life-shortening probably sum
mates so many ill~ults tha~ one must pe car~ful not to
single out any particular lesion as of pnmary Importance
-at least not without overwhelming new evidence. The
only clear candidate as an especially vulnerable site of
radiation damage is the replication of DNA as noted
earlier.

Radiation carcinogenesis

141. Data from irradiated animals and man indicate
that enough radiation to almost any part of the body in
creases the incidence of malignant neoplasia."

142. Radiation-induced tumours often take long to
develop, not beginning necessarily immediately after
obvious changes in the cells. Obvious tissue disorder need
not exist at the site of origin of the cancer: radiation can
induce malignant disease through physiological mecha
nisms as with e.g., ovarian, thymic and pituitary tumours
in mice which are clearly indirect (Le., where irradiation
of the cells of origin of the neoplasm is not the critical
factor).

143. Most animal experiments, usually with relatively
homogeneous populations, have shown that there are
dose levels that induce no detectable increase in incidence
of certain neoplasms. Some investigators construe such
data to mean that there is a threshold dose of radiation
below which certain neoplasms cannot be induced or their
age-specific incidence increased. It must be recognized
that no dose-incidence experiment can prove the exist
ence of a true threshold dose since, however large the
number of animals used, the tumour incidence at a given
dose may be too small to be demonstrated. On the other
hand, a linear dose-effect relationship extrapolating back
to zero dose would strongly suggest the absence of a
threshold dose. This has been demonstrated in a few
experiments for certain types of tumour.

144. A major difficulty in short-lived laboratory
animals is that at low doses the latent period for tumour
induction may exceed the life-span and hence no effect
may be seen.

Relation to rate of mitosis260

. 145.. Although n.eoplasia arises most commonly in pro
liferating tissues, III the long-term effects of Operation
Greenhouse (mice exposed to atomic bomb radiation-a
table II) tumours of lung, liver, mammary gland stroma,
and anterior hypophysis-sites of relatively slow cell
turnover-were more frequent than those of skin bone
marrow, and intestinal mucosa-sites of more rapid cell
turnover.

Relation to age

146. In the same study260 the incidence of all tumours
inc~easedwith time after irradiation, with one exception.
This was lymphoma of thymus, which reached a maxi
mum early in life in heavily irradiated populations,
Tumours arose earlier in irradiated mice and then ad
vancement in onset corresponded to reduction in mean
~ge at death of the entire population. As regards the
influence of age at the time of irradiation, diverse effects



Chromosomal changes and carcinogenesis

1~4. The rol~ of chromosomal changes as an inter
mediate cause ll1 carcinogenesis has been widely de-

the greatly increased incidence at 400 r depends on intact
ovarian function and direct radiation injury to the breast
is necessary for an increased incidence of radiation.
induced neoplasia. These results indicate that primary
radiation damage to the breast tissue is necessary, but
this primary damage can be dormant and not result in
neoplasia unless an additional mechanism is operative.

Somatic mutation. theory

151. Under a broad definition of mutation, generally
used by geneticists, as including all sudden heritable
changes in a cell line, the somatic mutation theory of
carcinogenesis can embrace almost all currently proposed
mechanisms (e.g., gene mutation, chromosome breakage
or loss, mutation or loss of cytoplasmic particles, or even
virus infection). Under such circumstances the theory
is reduced to a truism and merely serves to describe
wen-known characteristics of malignant disease. As a
special case of this, simple gene mutations or other
single-hit changes have often been invoked as a single
basis for radiation-induced neoplasia, and incidentally as
a basis for predicting effects under conditions that pre·
elude direct observation. The simple point mutation
hypothesis remains to be substantiated, as does the
theory that naturally occurring point mutations cause
"spontaneous" cancer.28 1, 282 A widely held view has
been that, if a single hit on a gene or other cellular struc
ture were the basis for radiation-induced neoplasia, then
the dose-effect relationship might well be linear with I

no-threshold. The rat mammary tumour data and others
indicate both a primary and secondary mechanism in
this type of radiation-induced neoplasia. Tile neoplasms
themselves were seen only when both mechanisms were
operative. The secondary mechanism in the present situa
tion (normal ovarian function) could not reflect a
somatic mutation. Even if the primary event were a
somatic gene mutation (or a single-hit chromosome
break), the dose-effect curve v" would not have been
linear with no-threshold unless the secoridarv mechanism
were operative. It follows therefore that lack of linearity
and of an apparent threshold does not rule out somatic
mutation as the primary event. Lack 0 f such a response
might simply indicate a non-operative necessary secon
dary mechanism.

152. Furth 330 concludes from the findings 0 f several
authors that radiation-induced rat mammary gland neo
plasia "are best interpreted by supposing that radiation
causes a subtle, irreversible change in the mammary
gland which remains latent until the organ is subjected
to proli ferative stimuli".

1~3. Th.e demonstration of a two-stage mechanism in
the induction of some neoplasms throws doubt on the
use of. dose-response curves as arguments for or against
the point mutation theory (or any simple one-hit theory).
No "one" experiment even if the animals are numerous
can ~ettle this question for all types of malignancy and
all circumstances. If the dose-effect curye is not linear,
no.thing would h.ave been l~ecessarjJy proved about the
pn~ary mechanism. If a linear no-threshold response
obtamed down to the lowest doses the somatic mutation
interpretation, if it could be made under these circum
stances, would apply only for the particular neoplasm in
the particular strain and species. Extrapolation would
not be valid.

have been seen. Osteogenic sarcomas and tumours of the
gastro intestinal tract have shown a higher incidence in
animals irradiated when young, whereas the reverse
occurs with leukaemias and tumours of the mammary
gland. 261

Relation to radiation dose

147. The relation between tumour incidence and dose
varied from one neoplasm to another. The incidence of
some increased with increasing amounts of irradiation
(e.g., thymic lymphoma) I the incidence of others was
maximal at intermediate dose-levels (e.g., hepatoma,
ovarian tumour, pituitary adenoma), and some usually
common, decreased in frequency with increasing dose
(e.g., non-thymic lymphoma, sarcoma of breast, ade
noma of lung) .Jl60 In no instance did tumour incidence
vary as a simple linear function of dose, and extrapola
tion, therefore from the high doses in this experiment
to doses near those from natural environmental radiation
is not possible, and the question of whether or not very
low doses of radiation cause some slight increase in the
over-all risk 0 f malignancy (so-called thres hold) re
mains unsettled. As a general rule, single-dose irradia
tion is more effective in producing cancer than greatly
protracted exposure with the same dose.

MechfLnisms of carcinogenesis

148. Of the various neoplasms induced by radiation
some may be caused indirectly without irradiation of the
tumour-forming cells themselves. Thus in certain strains
of mice, presence of the thymus is necessary for induc
tion of Iymphomasv" although the thymus itself need
not be irradiated. Strong evidence that induction is
indirect is given by the neoplasm arising in a normal
thymus transplanted to an irradiated host. 2G3 In other
strains, thymectomy shifts the site of origin of the
tumour to other lymphoid tissue.v" Repeated radiation
in proper sequence causes a higher incidence of lym
phoma in mice than do single exposures to the same total
dose. 23 1• 264, 265 Inoculations of normal bone marrow or
spleen,195 partial shielding 2 6 5 , Jl67, 208 and certain radia
tion-protective agents,"? decrease incidence. There is
d~se-rate dependence in response 260,271 that, together
WIth the incidence after various radiation dosagesv"
suggests a curvilinear relationship between dose and
response.

149. Indirect carcinogenesis also appears responsible
for the development of thyrotrophic pituitary tumours
in n:ice thyroidectomized by P31.272 Such tumours may
possl?ly be more readily .in~tlced if the pituitary is also
irradiated. 273,214 Other prtuitary tumours are as readily
1I1duce~ by local radiation of the pituitary as by TBR,
suggesting that their pathogenesis is direct. 2H For these
as for many other types of radiation-induced tumours
the relative importance of direct and indirect causes i~
not yet understood. In certain instances, both causes
seem to operate; e.g., the induction of ovarian tumours
depends on. destruction of ovogonia and ovocytes by
direct irradiation and on gonadotrophic stimulation of
remaining ovarian stroma by pituitary hormones.v"

150, .S~dies on radiation-induced mammary gland
neoplasia in the rat 210

, 2 8 0 have shown that a single sub
lethal dose of X- or y-irradiation in young male or female
rats res~lts ill an increased incidence of mammary gland
neoplasia, The dose-effect relationship appears linear
over 25-400 r, and the curve withi~ limits of error, extrap
olates to zero. No data are obtained below 25 r : above
400 r, etc., the CUrve was either flattened or declined, since
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bated.r": 285 Malignant tumours often have aberrant
(usually aneuploid) chromosome numbers and a high
degree of instability in chromosomal constitution.P" It
by no means follows that the chromosomal changes are
the cause of the malignancy; inaccuracy in the trans
mission of genetic information may be merely the price
of proliferation at unrestricted speed. Association of
chromosomal variation with tumours therefore does not
of necessity imply any cause-effect relationship.

155. Chromosomal aberrations can be induced in
normal human and monkey cells cultured in vitro by
X-ray in doses as low as 25 r 281,288 and such aberrations
(presumably of mixed l-hit and 2-hit origins) in in vivo
monkey bone marrow cells show a rough proportionality
with doses from 50-100 r. Blood cells cultured from two
patients given radiation for ankylosing spondylitis
showed numerous chromosome structural abnormalities
but these rapidly declined in number.v" Similar changes
have been seen in patients with chronic myeloid leu
kaemia after X-ray treatment.

156. The persistence of chromosome aberrations in
peripheral blood leukocytes ,...., 2~ years after accidental
whole-body irradiation of eight men by mixed gamma
and fission neutrons has recently been reported."> Five
men received doses > 230 rad i three others, < 70 rad,
The frequency of cells with chromosome counts differing
from 46 ranged from 4-23 per cent in the irradiated
compared to 2 per cent in controls. In the five cases with
high doses, there were grossly altered chromosomes such
as rings, dicentrics, and minutes; these were often in cells
with abnormal count with a frequency of 2-20 per cent.
No polyploidy was seen. A detailed karyotype analysis
of some normal-looking cells from irradiated individuals
revealed the presence of pericentric inversions, translo
cations, and deletions. A comparison of the frequency of
induced chromosome breaks in tissue culture prepara
tions suggests that the frequency of aberrations dimin
ishes with time, and that polyploid cells are eliminated
more quickly.

157. There is increasing evidence of an association of
specific types of leukaemia with chromosomal anomalies.
In many cases of chronic myeloid leukaemia there is a
specific abnormality (possibly a deletion) in one of the
chromosomes of pair-2l or pair-22 (the Philadelphia
chromosome). Variations in the proportion of cells with
this Philadelphia chromosome in blood-cell cultures from
different patients with myeloid leukaemia and its absence
in skin cultures from the same patients strongly suggest
the presence of a somatic chromosomal anomaly in these
patients' leukaemic cells. Moreover, the incidence of
acute leukaemia is greatly increased in mongolism, a
diseasev" now known to be associated with trisomy-21.
These observations suggest that either a deficiency or
excess of genetic material of chromosome pair-Zl may
result in different types of leukaemia. For other types of
leukaemia, no such consistent associations have been
established as yet.290, 182, 183. 784

158. These chromosomal aberrations and especially
the possibility of a specific chromosome abnormality in
rnyeloid leukaemia and the hereditary nature of the
neoplastic change in subsequent cell generations suggest
that cancer reflects a genetic change in the cell. But the
course of evolution of malignancy in certain tumours
irgues against a one-stage cause, such as single point
nutation or chromosomal aberration.285.292, 298 Moreover,
nduction of neoplasia by indirect effects on the host
.armot be clue to the mutagenic action of radiation on the
zmcer-fonning cells, since the cells themselves are not
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irradiated. Here radiation probably merely favours se
lection of spontaneous carcinogenic mutants, possibly by
excessive growth stimulation during recovery.

Radiation leukaemogenesis

159. Studies of radiation leukaemogenesis use the
mouse because of ease of leukaemia induction and the
availability of different leukaemias associated with var
ious inbred strains. Mouse leukaemia is not a single
disease; much confusion arises because precise classifi
cation is often lacking. 294,295 The most studied mouse
leukaemia is lymphatic arising in the thymus, classified
variously as thymic leukaemia, thymic lymphosarcoma,
malignant lymphoma, and "mouse leukaemia". In the
mouse, the thymus normally atrophies in early adult life
instead of in early childhood as in man. Extensive studies
by Upton et al. 264 show that factors inducing this neo
plasm differ from those inducing myeloid or granulocytic
leukaemia. Since most radiation-induced leukaemias in
man are granulocytic, thymic leukaemia of mice have
little relevance to man.294 Myeloid leukaemia in mice,
possibly more analogous to human radiation-induced
leukaemia, has been studied less.

160. In spite of these reservations about the compara
bility of human and murine leukaemias, the leukaemia
responses of the two species share certain features.F"
Both species show an increased incidence of leukaemia
after TBR. In mice, the leukaemia incidence in irradiated
groups returns to or near control levels 18-20 months
after exposure.223,291 The Hiroshima and Nagasaki
survivors 208 had still some excess leukaemia mortality
over their unirradiated controls by 1959. By adjusting
time scales, human and murine experiences can be su
perimposed i for comparable radiation exposures, the
factor of increase in age-specific leukaemia mortality
over control is nearly identical for the two species.v'"

161. Data of Kaplan et al.20 3 indicate that lymphomata
in thymectomized irradiated mice can appear at the site
of transplantation when the thymus from non-exposed
mice is transplanted into the irradiated animal The
origin of the neoplastic tissue has been studied 263,299,801
and although in some instances the cells may be derived
from the donor cells, in others they are derived defi
nitely from recipient cells.

162. Radiation-induced myeloid leukaemias of the
mouse are uninfluenced by the thymus but are reduced
by splenectomy.v" They are more effectively induced by
relatively lower radiation dosages than is the thymic
form and their induction is apparently not similarly en
hanced by fractionation of the exposure.v" Partial
shielding reduces incidence-?" as does prophylactic ad
ministration of mercaptoethyl guanidine,ao2 a radio
protective agent. The incidence reaches plateau at radia
tion doses above 150 r.264The shape of the dose-response
curve is not definitely known, bat data after doses of 16
and 32 r12 and after 128 or more204,a03 suggest curvi
linearity in the low-dose range. In rats and mice injected
with strontium-90, more differentiated forms of leucosis
predominate when the accumulated dose to the bone
marrow is small and less-differentiated forms when the
dose is large, i.e., of the order of 6,000 rep or above.3M

163. Variables besides radiation dose affect the prob
ability of an animal developing leukaemia, e.g., strain,
age at time of irradiation, sex, and endocrine status.
Leukaemia incidence can be modified by endocrine status
and genetic inheritance (by selection, hybridization, etc.)
or by removal or implantation of tissl1es.2D4, 305-311
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Fiyltre 2. Incidence o·f pre- and neo-natnl death and of abnorms
individuals at term after irradiation at various intervas
(separated by 24 hours) pre- and post-fertilization. Abnorrml
individuals may have more than one abnormalityB2i
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no higher than that of certain a.cti:re1y dividing and d!f.
ferentiating adu.lt tissues. Irradiation of an embryo WIth
5-25 r causes evident changes; S1l111I~r exposure of adult
haemopoietic or epithelial. tissue~ is likewise follo\Y:d by
morphological and functional disturbances. The differ.
ence between embryonic and adult response to 10\~ doses
of radiation is that an over-all effect III embryos IS even
more extensive than in the adult probably because a
minor irreversible injury in embryo, particularly after
the blastomeres have lost totipotency, is amplified in
development: morphogenetic relations are upset t,hrough
death of cells in various precursor fields, and this leads
to faults in the formation of adult structures.

17L Radiation effects in embryos may reflect two
mechanisms: developmental alterations through cell
destruction in the embryo and physiological disturbances
in the mother.

The nunnmalian. embryo

172. Mammalian pre-natal development can be
divided into three periods with respect to radiation
effects: (a) pre-implantation when early deaths ~re

induced but survivors are mostly normal; (b) major
organogenesis, yielding neonatal deaths and abnormali
ties; (c) the foetal period when sensitivity to death ano
gross malformations decreases. The general pattern in
mice is given in figure 2,

173. When females are irradiated after fertilization
but before implantation, high and rapid mortality of the
fertilized ovum is the main effect. Studies by the
Russells 322, 328 indicate that deaths are maximal for radia·
t.ion given during the first two post-copulation days, "no
that one-third of total deaths are in the pre-irnplantatim
period. Most deaths, especially among embryos irradl'
uted later after fertilization and closer to the expeetel
implantation time, ensue shortly after implantation. No
deaths in excess of controls occurred after day 100.

174. Survivors of irradiation in the pre-irnplantatim
period were free of obvious defects 322 had normal birth·
ami post-weaning heights, exhibited normal fertility ano
showed no evidence of decreased survival throughonl
life. m The all-or-none response to irradiation durillg
cleavage stages which has also been observed in rats '~1II1
guinea pigs 823 has led Russell to suggest tha t mammalian.
blastomeres are totipotcnt.r"- 824 On the other hand, RlIg~

and Grupp 825 showed that a dose as low as 50 r to a pre·

134

EARLY AND LATl': EFFECTS ON EMBRYOS AND FOETUSES

170. Ionizing radiations profoundly disturb develop
ing embryos. Their susceptibility while very high may be

Virlis theory

164. Evidence that viral agents cause various types of
cancer in mice su- u 6 stimulated the search for filtrable
leukaemogenic agents in mice with radiation-induced
lettkaemias.3u--318 Results as yet are not conclusive, ~ut

they suggest viruses as possible etiologic agent~ in rad~a

tion-induccd Ieukaemia.'?" Depression of host immunity
by radiation may promote infection by an exogeneous
carcinozenic virus or radiation may activate a latent
carcinogenic virus infection analogous to the. induction
of lysogenicity in bacteria. To ~h~~e hypo~hetlcal mech
anisms must be added the pOSSIbIlIty of viral transduc
tion of carcinogenic substances from one cell to
another. 312,319

Risll of carcinoqenesis from low doses

165. Carcinogenesis is the most imp<;>rtant late ~ff.ect

of radiation. Knowledge of the mechanism of radiation
carcinogenesis is a prerequi~ite for the acct:rate assess
ment of risk at low doses. Since the mechanisms of car
cinogenesis are unknown, any such assessment of risk
must be purely.speculative, although possibly of some
value in estimating upper limits.

RECOVERY Al\TD TI-IE CONCEPT OF IRREPARABLE INJURyS20

166. Radiation injury, like other injury, immediat~ly

sets off the classical reactions of homeostasis and repair :
to some extent, radiation affects the repair processes
themselves.

167. In the weeks after a single sub-lethal dose,
damaze gradually is repaired. Many, if not ~ll, cells
destrgyed by radiation are replaced by regeneration from
surviving cells. Irradiated organisms may resume a
normal or near-normal appearance. With time there is
recovery of resistance to lethality from further radiation.
Most radiation injury from X- and y--rays is thus fre
quently reparable. Animals, therefore, survive a pro
longed dose several-fold larger than a single dose.

168, Despite apparent recovery residual damage (e.g.,
incomplete regeneration or residual defects in cells and
tissues) and late effects seen after maximal recovery
show that some injury is irreparable. Certain specific
injuries associated with the formation of bone tumours
caused by radiation are reparable. Recovery is more
likely with injuries which are caused by (3- than by
a-radiation. 261,30'1,821

169. Life-shortening by radiation implies that an
irreparable component of injury is detectable. This com
ponent is detectable as premature aging in an actuarial
sense. But how closely this process parallels and con
tributes to that cumulative injury called natural aging is
unclear in the quantitative sense, Likewise, it is not
known whether the irreparable component represents

, abrupt aging at the time of injury or initiation of gradual
<Lging. Limited observations in rodents, dogs, and swine
indicate that irreparable injury is measurable, after an
interval of presumed complete repair, as a reduction in
acute lethal dose. This suggests that irreparable injury is
at least partially sustained at the time of radiation and is
potentially observable as a persisting tissue change; the
distinction between reparable and irreparable injury has
not yet been related to morphology.
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implantation embryo might induce cerebral abnomalies.
This result has not yet been confirmed by other investi
gators.

175. The pre-implantation mouse embryo is highly
radio-sensitive. Earlier studies indicated that 200 r pre
vented about 80 per cent of all embryos from reaching
the tenth day of gestation. It was recently shown that
25 r killed 38 per cent of embryos exposed before first
cleavage. A dose of 5 r increased resorption.t" However,
the degree of radio-susceptibility of an embryo may be
species specific: the rat embryo before implantation can
withstand a dose of 300 1'.1.23

176. Mouse embryos given 200 r or more between
gestation days 6.5-13.5 developed but had a high inci
dence of abnormalities. A certain proportion of the
abnormal foetuses died at birth. The proportion of pre
natal deaths was much lower than in animals exposed
in the pre-implantation period. The LD 50 for neo-natal
death was> 200 r for irradiation in the pre-implantation
period and through day 8.5 ; decreased to between 100
200 r for days 9.5 and 10.5 and then increased to 200-300
r for day 11.5 and finally to > 300 r for later periods in
development.V" 324 With 200 r the incidence of grossly
abnormal new-borns is 100 per cent for irradiation of
most stages during major organogenesis. Doses as low
as 25 r have been shown to be effective in causing mor
phological changes. 326

177. N eo-natal mortality is greatest in embryos irradi
ated between gestation day 8Y;; to day 12. Exposure in
the same period decreased the weight of new-born
mice;t24, 1123, 324 comparable quantitative studies have not
been made in other mammals but there are frequent
reports of marked decrease of size among rats and
rabbits irradiated during development.

178. Several investigators have tried to decide
whether specific developmental abnormalities depend on
the stage of development at which radiation is given.
Early work by Kosaka 327 indicated that the brain and
spinal cord are the most sensitive tissues at the begin
ning of major organogenesis, while at later stages thymus
and, to a lesser degree, liver and spleen, become the most
sensitive. A more detailed description of "critical
periods" has been given by Job et al,328 The peak inci
dence of abnormalities was reached with embryos ir
radiated between gestation days 8-11. Hydrocephalus
was easily induced in embryos irradiated at day 9, eye
defects at day 10, jaw defects at day 11. According to
.Kaven 329 the structure of the tail was most affected in
embryos exposed on day 11, brain hernias on day 8, and
skin defects on days 13-14. The results of RussellPv 330
and others on critical periods are given in figure 3. Maxi
mum susceptibility to defects was between days 7-13,
the beginning coinciding with the appearance of many
di fferentiating centres. Irradiation at day 9 caused anen
cephaly, at day 10 eye defects, at day 1.1 hydrocephalus
and spinal anomalies, and at day 12 anomalies in the
fore-brain.

179. Embryonic nemo-blasts are particularly suscep
tible to radiation. Within two hours after 100 r, there are
scattered areas of necrosis, and necrotization of indi
vi dual neuro-blasts after doses as low as 40 r. With in
creasing exposures, more areas of developing neural
ti ssues are affected. Intermitotic neuro-blasts are more
susceptible to radiation than those in mitosis.F" Cells
during active differentiation may well be more sensitive
than completely differentiated cells. Further studies are
needed, and the radio-sensitivity of erythro-blasts, myelo-

137

blasts, and spangio-blasts should be compared with
corresponding mature cells.

180. The existence of "critical periods" in develop
ment has thus been demonstrated, but the use of the term
must be properly qualified.P" For some anomalies, the
critical period is greatly extended, e.g. exencephaly can
be induced by radiation at any time before neural differ
entiaticn.v" Sometimes induction of a specific anomaly
does not coincide with an apparent period of increased
developmental activity, e.g, induction of polydactyly.P"
Also, the limits of periods of sensitivity seem to depend
on the dose 323, 324 and how it is Eractionated j-" however,
stage of maximum sensitivity is usually revealed by the
use of low-dose single exposure.

The human embryo

181. The first harmful effects of ionizing' radiation on
human embryos were recorded in 1901-1904. Soon after
wards, reports drew attention to serious hazards in ir
radiating pregnant women. Earlier clinical literature has
been reviewed extensively.332-s," Table rII summarizes
observed malformations. Malformations specifically re
ported for human embryos are marked with an asterisk.
The most frequent abnormalities are in the central
nervous system, then eye defects and skeletal malforma
tions.

182. Malformations among children irradiated in
utero have been reported. In a 1929 survey of 75 children
born of 106 irradiated women, 38 were abnormal, and
in 28 of those the likeliest cause of malformation was
radiation.r" The dose was estimated to be 30-250 r.

183. The frequency of malformations in man, as in
other animals, depends upon developmental stage.

184. The marked qualitative similarities between ra
diation-induced abnormalities in man and other mam
mals make extrapolation of experimental studies to man
apropos. For that purpose, a graph correlating develop
ment of mouse and human embryos constructed by Otis
and Brent is useful338 (figure 4). The correlation be
tween the appearance of some morphological features
in the mouse and in the human embryo is given in
table rv. Since mouse experiments have shown that
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Sources of information

194. There are four sources of information on acute
radiation effects in man: (a) the largest, but studied
under obvious difficulties, is the experience of the
Japanese at Hiroshima and Nagasaki; (b) the less seri
ous and smaller experience of the Marshallese, American
servicemen, and Japanese fishermen to fall-out radiation
during atomic tests in 1954; (c) exposure of a few peo
ple to reactor and radiation accidents in the United
States, the USSR and Yugoslavia; (d) exposure of pa
tients to therapeutic radiation. Some shortcomings of
such information have been discussed earlier in para
graphs 43-45 above. Information 011 atomic bomb, fall
out, reactor accident, and whole-body radiation injuries
has been sumrnarized.w- 864,872,878,888,803,702

surrounding areas invading the lesion.m Recovery of
an embryo is more the outcome of a regenerati~e process,
aided by the remarkable powe!s of ~e?~ga11lzatIon of
embryonic tissues and scavenging activities of macro
phages, than recovery of the cells actually damaged.

190. Expected radiation injury may be prevented to
some extent by several factors; hypoxia, lowered tem
perature, and various thio compounds. Lowering the
ambient temperature protects against immediate radia
tion effect in frogs, an effect lasting only as long as a
low temperature is maintained ;855 in salamander larvae,
protection appears to persist.8 50 Also in chick embryos
Goffinet?" protected against radiation by lowering tem
perature.

191. The effects of hypoxia were studied by Russell
and collaborators :324,358 mouse embryos exposed to
doses 100-400 r had a lower percentage of abnormalities
if irradiated in 5 per cent oxygen in helium. Alien,
Schjeide and Piccirillov" showed that the proportion of
cells injured by radiation was reduced if irradiated cells
were maintained afterwards in mildly anoxic conditions;
anoxia reduces cell division.

192. Cysteamine as well as several other compounds
protects to some extent against radiation if given before
irradiation. The survival of chick embryo was improved
after giving cysteamine, cystamine, and methylamine;
the efficacy of these compounds was highest when the
circulatory system began to function. 357, 800 It has been
observed that mercaptoethylamine can protect the rat
foetus if irradiated on days IS-18,3OJ. and that cysteamine
and similar compounds permit mouse foetuses to main
tain a higher growth rate and lower mortality than irra
diated untreated controls. 302,868

IV. Acute radiation injury in man

ACUTE RADIATION SYNDROME

193. The acute radiation syndrome differs from ordi
nary injuries since there are integrating patterns of
symptoms after higher doses, or a latent period at lower
doses during which hidden histological changes are tak
ing place from the time of exposure until the recru
descence of symptoms and frank danger of death.
Recovery from the initial symptoms does not signify real
recovery. Review of reactor accidents (see below) em
phasizes the problem of inhomogeneous irradiation of
the body in man and the influence of the part irradiated
upon the symptoms that follow. Effects of localized ir
radiation on individual organs are discussed in earlier
sections of the present annex.

irradiation during the period of major organogenesi~ is
potentially most hazardous and since p~rt of that period
occurs at a time when pregnancy may still be unsuspected
Russell and Russell have suggested that whenever pos
sible pelvic irradiation of women of child-bearing age
be restricted to the two weeks following the menses. 880,340

185. Besides abnormalities in embryos, foetuses, and
in early childhood, several effects o~ irradiation duri~g

gestation have been reported, appeanng at a later age 1U

children. Stewart and collaborators-? concluded that
there was an increased incidence of leukaemia and cancer
among children irradiated in u.tero, and also an increased
incidence of mongolism.v" Children of Japanese mothers
exposed, during gestation, to atom bomb radiati.on tended
to show stunting34 8 and some mental retardation, espe
cially among boys,3H but neither observation has been
supported by other studies.W, 840 Among children who,
while in utero, had received an average of 3-5 rad during
maternal diagnostic X-ray, 15 of 1,101 had phenotypic
changes involving colour sectors in the iris of the eye.
The incidence was only 11 in approximately 7,092 non
irradiated control siblings and parents. The difference
is highly significant. This somatic effect is only seen in
the children of women irradiated at 6 to 6.0 months of
pregnancy. It is not yet known whether the effect is due
to genic chromosomal or other changes. These studies
are discussed further in section V under the heading
"Late effects".

138

Recovery and protection in irradiated germ
cells and embryos

186. In the sea-urchin egg, as time elapses between
irradiation and fertilization, there is the increased pro
portion of cleavages pointing the possibility of re
covery.>" The effect was described by Miwa84 8 for
Pseudocentrolus depressus irradiated with a- or y-rays.
This does not imply recovery to pre-irradiation stage.m

The delay between irradiation and fertilization counter
acts the delaying effect of irradiation upon cleavage, but
does not increase the number of embryos capable of
normal development. In frogs Rollasonv" found no evi
dence for this kind of recovery.

187. Recovery was seen when an organ from an irra
diated embryo was transferred to a normal one. The
irradiated organ, e.g. of a frog S5J. or chick embryo 352 de
veloped further and survived longer than it would have
in its original environment. This does not necessarily
denote recovery; it is perhaps better explained by as
suming that the transfer of the organ removes it from
the noxious environment of a dying embryo.

188. Recovery in embryonic tissues has been postu
lated by several authors from the observation that ir
radiation of embryos at an early stage brings early death,
but survivors develop normally. Recent experiments'?"
have shown that exposure to radiation, even almost im
mediately after fertilization, caused marked abnormali
ties (brain hernia) ; survivors that developed without
big abnormalities nevertheless showed stunting and some
impairment of the ability to learn. 35 8

189. After radiation-injury the embryo as a whole
may show a certain recovery in that survivors of ra
diation continue to develop despite morphological
damage. m This does not imply that the injured tissues
have recovereel; the survivors are usually stunted and
there is some topographical reorganization of undam
aged tissues, which might indicate that the maintenance
of viability and shape is due to some of the cells from



Total body responser"

195. The total body response in man to radiation in
sufficient doses includes: (a) radiation sickness begin
ning during or very soon after acute exposure, and over
lapping with other responses; (b) degeneration and re
pair of proliferative tissues; (c) local and generalized
toxaemia; (d) changes in homeostasis; (e) deterioration
in physical and mental fitness.

Radiation sickness

196. After a single dose of radiation of 50 rad and
above given to whole-body, symptoms have appeared in
1-2 hours. The onset, duration and severity of all symp
toms varies depending largely on dose and partly on
susceptibility.t" Symptoms may include :867 (a) general:
headaches, vertigo, debility and abnormal sensations of
taste or smell; (b) gastro-intestinal : anorexia, nausea,
vomiting, diarrhoea; (c) cardiovascular: tachycardia,
arrhythmia, fall of blood pressure and shortness of
breath; (d) haematological: leukopenia, thrombopenia,
and increased sedimentation rate; and (e) psychological:
increased irritability, insomnia, and fear.

197. The incidence of radiation sickness is affected
by the part of body irradiated.808, S69 Exposure over the
whole trunk and partly over the upper abdomen causes
more radition sickness than does exposure of compa
rable tissue volumes in the extremities. Explanations for
radiation sickness include: (a) release of toxic sub
stances from disintegrating cells ;370 (b) disturbance of
pituitary-adrenal cortical function j'"! (c) tissue destruc
tion giving rise to histamine and mildly toxic histamine
like products.

General clinical pictU1-e

198. Although the different organs have widely dif
f erent radio-sensitivities for the acute radiation syn
drome in man, three are important :63, 372, S73 the central
nervous system (CNS), small intestine, and bone mar
row, together with lymphoid tissue (table V). The acute
radiation syndrome may therefore take three primary
forms-cerebral, gastro-intestinal, and haematopoietic,
depending on the dose. To induce acute effects in the
central nervous system requires several thousand r ; dam
age is seen within minutes to hours. The dose for the
acute small intestine form is 300-500 1', with a latent
period of ,..., 5 days. For severe haematopoietic changes,
the dose is > 200 r and the effect takes ,..., 3 weeks to
:Ievelop.

eNs form

199. The clinical picture of the eNS form must be
zx trapolatsd from animals and a few accidents in man.
T'he onset is prompt and death may occur in minutes to
rours. After the initial phase of radiation sickness, there
s swift progression from listlessness, drowsiness, and
anguor to severe apathy, prostration, and lethargy prob
ibly caused by small non-bacterial inflammatory foci
.ppearing throughout the brain in 1-2 hours; this devel
>pment of vasculitis or encephalitis gives rise to cerebral
iedema, After> 5,000 r, one deals with seizures ranging
'ram generalized muscle tremor to epileptoid convul
ions similar to grand mal. This convulsive phase lasts a
ew hours and is followed by ataxia from vestibulocere
.ellar disturbance. Convulsions and ataxia probably re
ult from the degenerative pyknosis in the granule layer
,f the cerebellum within two hours after exposure,
oncomitant with brain oedema. TBR causing the eNS
yndrome is fatal.
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Gastro-intestinal form/53, 69

200. The gastro-intestinal form predominates with
lower doses (500-2,000 r ). The prodrom::,.l nausea and
vomiting begin promptly and do not subside, For some
people these symptoms develop within 0.5 hours after
exposure; in others not for several hOl~rs. Gastro-intes
tinal symptoms may continue (anorexia, nausea, YOI?
iting and diarrhoea). Sometimes these symptoms dis
appe;r after 2-3 days and recur .-..' day 5 just wh~n the
patient's condition seemed to have improved, owing to
injury of intestinal epithelium, leaving bare villi. Rather
abruptly, malaise, anorexia, nausea and vomiting prevent
normal food and fluid intake, leading to serious electro
lyte imbalance. Simultaneously high fever and persistent
diarrhoea-rapidly progressing from loose to watery to
bloody stools-appear. The abdomen is distended and
peristalsis is absent. Rapid deterioration leads to severe
paralytic ileus. Exhaustion, fever and perhaps delirium
follow; dehydration and haemoconcentration develop;
the circulation fails, and the patient becomes comatose
and dies a week or so after exposure from circulatory
collapse.

201. After doses where regeneration is possible, fluid
replacement during days 4-6 keeps dogs alive." The
epithelium regenerates and vomiting and diarrhoea sub
side. This is only a temporary respite as evidence of
marrow aplasia and panctyopenia begin within 2-3
weeks. After doses that cause this severe intestinal dam
age, marrow regeneration is unlikely, so that even if
there is spontanous recovery or successful treatment,
individuals have yet to experience the effects on haema
topoiesis.

Haematopoietic form

202. In the haematopoietic form, after lower doses of
radiation, e.g., < 500 1', the haematopoietic symptoms
are due to different origins and appear in two successive
phases. Leucopenia, thrombocytopenia and haemostatic
abnormalities are a direct consequence of lesions of the
haematopoietic organs. Symptoms such as haemorrhage
and anaemia may be secondary to the viscera! lesions and
associated with ulceration of mucous membranes. Ano
rexia, apathy, nausea, and vomiting, and some diarrhoea
are maximum 6-12 hours after exposure. The symptoms
may subside so that by 24-36 hours individuals feel well,
but their bone marrow, spleen, and lymph nodes arc
atrophying. The patient enjoys apparently normal health
until r-' days 19-20 (many Japanese soldiers returned to
work only to die later in the pancytopenic phase), when
the patient has chills, malaise, and fever, headache,
fatigue, anorexia and dyspnoea on exertion, and at this
time partial or complete loss of hair is likely. Within a
few days the general condition worsens, hospitalization
is needed. The patient then develops sore throat and
pharyngitis, accompanied by swelling of gingiva and
tonsils and petechiae in the skin with a tendency to bruise
easily, followed by bleeding from gums and ulcerations
on gingiva and tonsils. Similar ulceration in the intes
tines causes a renewal of diarrhoea. The patient has high
fever with complete anorexia. Weeks 5-6, with agranulo
cytosis, anaemia, and infection, are critical. The in
creased susceptibility to infection is caused by the dose
dependent decrease in circulating granulocytas and Iyrn
phocytes, impairment of antibody production, impair
ment of granulocyte and RES function, lessened re
sistance to diffusion in subcutaneous tissues and
haemorrhagic ulceration permitting entrance of ba~teria.
Thereafter, if the patient recovers, fever, petechiae and



exposure; a fall in white count beginning within the first
week denotes a rather high exposure whereas late falls,
such as observed in Marshallese, indicate a less serious
exposure;

(iv) The platelet count, while being of some prog
nostic value, is of more importance in the general man
agement of the patient. In general, the fall in platelet
count would parallel the change in neutrophils, although
occurring somewhat later, and the neutrophil count is
more readily available, particularly in accidents away
from hospital centres;

(v) The reticulocyte count would serve as a guide as
to the extent of erythropoietic damage. Fe 5 9 turn-over
studies would be of little value; to be meaningful, they
would have to be done serially and even then would add
little information beyond that derived from the reticu
locytes.

(d) Recovery potential
The type and extent of injury following radiation rep

resents a spectrum and it is not possible to divide injury
into clear-cut syndromes. In general, however, at higher
doses, the predominant injury would be cerebral and the
outcome uniformly fatal. With doses lower than this, the
major injury would be to the gastro-intestinal and
haematopoietic systems. Judicious use of fluid, electro
lytes, and treatment of the haematopoietic injury as
outlined below provide hope for recovery. In the 50

called lethal dose ranges with X- and y-radiation, the
injury is primarily to the haematopoietic system. At
doses of approximately 50-100 rad, symptomatology is
mild, and below 50 rad, symptoms are virtually absent
even though there is some injury, particularly to haema
topoietic tissues.

Prognostic value of the lcukocytc count

205. At Operation Crossroads depression in leuko
cyte count correlated with distance f ram the b0111b.3 17

At Operation Greenhouse>" there were four groups of
dogs with mortalities of 100 per cent, 100 per cent, SO
per cent, and 10 per cent. In the group given 800 rad,
the total leukocyte count fell to zero; all the animals
were dead by day 10. Group 2, given about 500 rnd,
had a smaller fall in leukocycte count. Group 3, with
8~ per cent mortality, received ,-J 400 rad, and group 4,
gIVen 200 rad with 10 per cent mortality, had a smaller
decrease in leukocyte count.

206. Extrapolation to man directly is difficult, because
the rate of change in leulcocytes in man as shown in the
Marshallese and various clinical experiences is much
slower.44,372,373 Jacobs, et al.,379 re-analysed the leuko
cyte counts done in Hiroshima and Nagasaki after the
explosion: despite the limitations of the data depression
in total leukocyte count at different times correlates
well with survival. The treatment of the acute radiation
syndrome in man is discussed in section VIII.

Criticality (experimental
assembly)

Criticality (experimental
assembly)

Criticality (reactor)
Cri ticali ty (reactor)
Criticality (processing)
Criticality (reactor)
Criticality (processing)
Radar Xvradiation

i
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ecchymoses subside; ulcerations heal and convalescence
begins about the end of the second month after exposure.
These symptoms tend to merge into one another.

Prognosis
203. Early symptomatology in the diagnosis of radia

tion injury is a useful guide to management.": 375, 376

Subjects with intractable nausea, vomiting, and diarrhoea
will generally die-s-the survZ:val-i111probable group. Those
in whom nausea and vomiting is brief, 1-2 days, followed
by well-being, have a good chance to survive.

204. After initial symptoms, the effects of haemato
poietic damage predominate. The swruiual-possible group
are in the lethal dose range. The survhral-probable group
includes those with no initial symptoms or only mild ·and
fleeting ones disappearing within a few hours. Practical
experience on the Marshallese, Los Alamos, Argonne,
Y-12, Vinca and Lockport accidents demonstrate that
physical measurements to compute probable doses take
more time than do several haematological procedures.
The dose must be judged on the basis of symptoms. This
is especially important in determining management and
prognosis when physical measurements are not available,
or when radiation exposure has been non-uniform,

(a) Nausea and vomiting
In general, if nausea and vomiting are absent, it may

be assumed that the dose was relatively low. Nausea and
vomiting warrant hospital admission for observation.
The rapidity of onset of nausea and vomiting provides
some notion as to the severity of the exposure: usually,
the earlier the onset and more protracted the vomiting,
the higher the dose.

(b) Erythema
Much depends on the type of radiation as to whether

erythema will result. It is difficult to make judgements
of the dose on the basis of erythema but its presence is
evidence of a serious exposure.

(c) Haematopoietic and bone-marrow picture
Where casualties are few it is simple to carry out all

haematological procedures and other studies that might
be of value. In a radiation disaster, extensive studies
would be impossible, although many leukocyte counts
would be practical with modern electronic counting
devices;

(i) Lymphocytes are valuable as an ea rly criterion for
judging radiation inj ury. In normal individuals, a fall in
lymphocytes is seen within the first 24-48 hours. 1£ at
48 hours the 1ymphocyte count is 1,200 or above, it is
unlikely that the individual has received a fatal exposure'
~f the lymphocyte count is in the 300-1,200 range, a dos~
111 the lethal range may be suspected; counts below 300
indicate an extremely serious exposure;

(ii) Early bone marrow examination is advisable for
determining whether the patient was haematologically
:-1Or:nal at the time of exposure and might give some
111S1ght to the extent of damage. Some workers consider
that multiple bone marrow examinations would be no
more helpful than peripheral blood examinations and
have the disadvantage of being potential sources of
infection. Cronkite and Bond have proposed a detcrmi
nation of the mitotic index in bone marrows on day 4
as a measure of dose exposure-a mitotic index of zero
indicates an exposure of 200 rad or more.

(iii) The total white-cell count is of particular value
for following t~e patient t1~rot1g~out the course. In gen
eral, the drop 111 neutrophils will reflect the degree of

ANALYSIS OF PAST ACCIDENTS

~07. There have been at least eight major
accidents :
Los Alamos I 21 Aug. 1945

Los Alamos II 21 May 1946

Argonne 2]une 1952
USSR ?
Oak Ridge 16]uncI958
Yugoslavia , .. 15 Oct. 1958
Los Alamos III 30 Dec. 1958
Lockport, New York .. 811Jar. 1960

radiation



The Idaho SL-1 reactor accident on 3 January 1961 is
not discussed because the three fatalities were caused by
blast from the nuclear excursion. The immediate dose
calculations in the above accidents were of necessity very
uncertain and probably not too meaningful. In the study
of recons.tituted a~cidents more accu~ate dosimetry has
be~n obt:;med particularly from the point of view of non
umfonmty of ~he eXI:?0s~re. Ever: here, there are impor
tant practical difficulties m assessing exposure when with
the neutron component significant dosimetry is further
complicated by considerations of distribution and RBE.
In the present state of knowledge the doses presented
should be considered as approximate orders of magni
tude rather than exact measurements.

First and Second Los Alamos accidents

208. The first nuclear accident occurred at Los
Alamos on 21 August 1945 and the second on 21 May
1~46. 3S~, ~81 The acci<;lents occurred during experiments
WIth critical assemblies of a fissile core surrounded by
neutron reflector material. In the first accident the re
flector was tungsten carbide; in the second beryllium.
In bo.th accidents the man doing the experiment was
touching the reflector at the time of the reaction. Expo
su~e of these two fatally injured operators was non
uniforrn : hands and arms received the largest dose
abdomen and chest somewhat less, and head and legs the
smallest. All others were presumed uniformly exposed,
except for case 4, whose body from mid-chest down was
partly shielded at the time of the second accident. The
head, upper chest, and left arm of this patient received
the highest dose.

2q9. Dose calculations are uncertain and probably not
partIcularly meaningful ; e.g., if 5 per cent of neutrons
had ap energy exceeding 5 mev the dose would have
been increased by 45 per cent : the choice of RBE was
critical. With these reservatio~s five cases received an
estimated dose of less than 100 rem of soft radiation and
less. than 10 r of penetrating radiation. Case 6 (dose un
available ) had no symptoms of any kind after exposure.
!~: on~y laboratory findings of significance were an
iriitial rise III granulocyte count and a lymphopenia of
less than 1,?00 cells/mm' from day 40. The lymphocyte
cou,nt remained low for two years. In 1959 the patient
retired, aged 68, with no signs of injury and a normal
blood count.

210. Case 1, received an estimated average body dose
of 840 rem of soft radiation and almost 500 r of y-rays.
His hands and arms, especially the right, received many
thousand r. His hands and arms were tensely swollen
30 minutes after the accident, and soon thereafter he
began to vomit and retch almost continuously f or v-> 24
hours. His temperature rose gradually reaching 41.7 0 C
rectally on the day of death 24 days after exposure.
His pulse increased abruptly on day 6 and remained
high with an episode of acute paroxysmal tachycardia
on day 15 following a blood transfusion. Cardiac symp
toms, abnormal electro-cardiograms, low blood pressure,
enlargement of heart with friction rub were related at
the time to his known congenital defect (Wolfe
Parkinson-White syndrome). The patient had extreme
necrosis of the tissues of hands and arms, and extensive
thi rd-degree burns of the body extending to the pre
cardial region. The underlying heart undoubtedly re
ceived a high dose. At autopsy, the heart showed extreme
fibrinous pericarditis with no microscopic evidence of
damage to cardiac muscle. At the time this response was
related to his known cardiac defect but in retrospect this
probably represented radiation injury to the heart.
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Several isolated cases of pericardial effusion and con
strictive pericarditis have been reported in patients given
radiation therapy to the chest. 380-382

211. The second fatality received an estimated aver
age dose to his torso of about 2,000 r of soft and 150 r
of penetrating radiation, with considerably greater ex
posure of his hands. The patient vomited on his way to
the hospital. Both hands were swollen within an hour
after the accident. His temperature, pulse, and respira
tion rose abruptly on day 6 and increased until death on
day 9. His hospital course was characterized by severe
intestinal symptoms, with almost complete paralytic ileus
and extreme abdominal distention. Continuous gastric
suction was required. He had no diarrhoea. Both arms,
packed in ice, were in effect amputated. The most strik
ing features of the patient's blood count were the initial
high white count, the complete disappearance of ~1l

lymphocytes from the peripheral blood by day 2, and the
abrupt fall of the total white count on day 6. These
findings are similar to those in the first case. At autopsy,
am~ng other findings, there was severe damage to in
testines.

212. Case 4, a 34-year-old man, received an average
estimated dose to the entire body of 400 r of soft and
40 r of penetrating radiation. His head and upper chest
are believed to have received a larger dose than the rest
of his body. On day 5 he developed fever, along with
lethargy and somnolence for no clear cause at the time.
The fever may possibly have been associated with dam
age to the CNS like that in the Lockport accident. His
lymphocyte count fell to below 1,000 cells/mm3 by the
sixth hour after exposure.

213. This patient had severe fatigue 15 days after ex
posure on discharge from hospital, and at first had 16
hours bed rest per day, improved gradually and was
back to normal in 10 weeks. Although completely asper
mic for several years after exposure, he recovered com
pletely, lived an active normal life, and became the father
of an additional two normal children. The patient had
mild hypertension at the time of exposure. In the next
several years his blood pressure rose hut was treated suc
cessfully with reserpine. In 1955, aged 43, the patient had
a severe posterio-lateral cardiac infarction. (It is difficult
to relate this to his radiation exposure. The patient's
coronary vessel probably received a relatively small dose.
J)a.tie~1t's father died of a heart attack il: his e~rly 40's.)
Within a year after the heart attack a diagnosis of acute
myxedema was made. From clinical findings and labora
tory tests this condition had undoubtedly been present
for several years, and contributed to the coronary throm
bosis. Whether radiation exposure to the neck was re
sponsible for the thyroid damage is uncertain.

Arqowne accident

214. A reactor criticality accident occurred at Ar
gonne Laboratory on 2 June 1952. Four persons were
exposed to a mixed field of radiation, y-neutron dose
ratio ,....., 10 : 1. Clinical and dosage details were re
ported."": 335 There were no deaths. The calculated doses
range from 10.8-159 rad.

USSR accident

215. One reactor accident has been reported in the
USSR causing "short general external exposure" of two
people to neutrons and y-rays.88G Doses of 300 rand
4~0 r were assigned but no y-r:eutron ratio was given.
Since f.uller data are not available these dosages are
uncertain,

r1 i



Oak Ridge accident

216. A criticality accident occurred on 16 J.une 1958
in the Y-12 plant at Oak Ridge. Enriched uranium CO~1:

ponent was drained inadvertently into a wa.ste d~1ln:"8'
causing a chain reaction. Eight persons received sIgnifi
cant TBR ; five were exposed to 236-365 rad including a
neutron component of slightly more than one quarter.
There was no associated trauma, the whole body was
fairly uniformly exposed, and the radiation dose :vas
rather accurately determined. Three persons received
between 20-70 rad. In the five higher-dose patients the
haematological values emphasized that TBR in man
causes clearly defined symptoms. Blood an~ bone
marrow changes appeared over several weeks m well
defined stages: early and p~rsist7nt Iympho~enia ~nd
variable transient Ieukocytosis ; mild leukopenia during
the first ten days; abortive rise in white cells, and some
increased erythropoeisis at about two weeks; severe de
pression of neutrophiles and platelets greatest ~t weeks
4-6; rapid recovery of platelets and neutrophiles : ~nd
anaemia maximal at week 7, with recovery accompanied
by reticulocytosis. This sequence is uniform in different
persons and similar after radiation over a wide range
of dose. The patients showed the greatest depression of
leukocytes and platelets between days 24-37. All five
patients recovered from the early post-radiation effects
and have now no visible damage. 888-880

Yugos!a'uian accident

217. On 15 October 1958, the zero-energy reactor at
the Boris Kidrich Nuclear Science Institute, Vinca,
Yugoslavia, became super-critical, injuring eight people.
The reactor was constructed with natural uranium rods
suspended in a large tank that could be filled to various
depths with heavy water. Six received significant doses
of neutrons and '(-rays. aar-aes Following a brief hospitali
zation in Belgrade, the six patients were transferred to
the Fondation Curie in Paris under the care of Dr. H.
Jammet. The early dose estimates described by Jammet,
et al.,801 on the basis of local information from Vinca
were 1,000-1,200 rem for the highest exposure and 300
SOO rem for the lowest, placing five of the six in a range
considered to be above the LD60 • All six had the acute
TBR syndrome: nausea, vomiting, anorexia, asthenia
beginning after the first hour and lasting 2-3 clays;
thereafter their general condition was relatively good,
in contrast with the progressive evolution of haemato
logical and cutaneous changes: fall in lymphocytes, then
granulocytes, thrombocytes, and erythrocytes. Towards
the end of the fourth week and during the following
weeks there was a worsening in general condition with
fever and clinical evidence of haemorrhagic disease. The
individual originally believed to have received the high
est dose was given foetal bone-marrow on 11 November,
and th~ four patients having the next highest exposure
were given homologous bone-marrow from adult donors
at various times between 11 and 20 November. The man
who received the foetal bone-marrow died as a result of
radiation with no immunological reaction. Extensive
clinical studies have been detailed. SOl, 801

218. Comparison of the haematological and other
clinical effects of the four Yugoslavian accident victims
who survived after bone-marrow infusion with the five
men exposed to 236-365 rad at the Y -12 plant, leads to
the following conclusions :3D5 Ca) the effects of injury
suggest a somewhat higher dose in the Yugoslavian than
in the Y-12 accident; (b) haematological patterns in the
two groups of patients are remarkably similar, the Yugo-
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slavs showing generally more severe injury; Cc) hael11a
tological recovery occurred at about the s~me time after
exposure in the two groups of pat~ents; thI~ a~d the {act
that the bone-marrow was given Just at this h~e to the
Yugoslavs, makes evaluation of its therapeutic effect
difficult.

219. An international group under the auspices of the
International Atomic Energy Agency stlldie(~ the dosi
metry of the Vinca accident in a r~constitl1tl~n of .the
accident.P" The recalculated doses, still under (hSCUSSlOn,
were between .-' 320 to 440 rad in the five treated.

220. In the follow-up?" on the Yugoslavs the patients
continued to have slight reticulocytosis, 0.5-1.7 per cent,
for several months. Electro-encephalograms showed
slight abnormalities characterized by l~w _v?1tag~ and
instability; the tracings lacked the usual individualityol
patterns expected in five patients and all looked remark
ably alike. At 2 years, basal metabolic rates are normal
Lens opacities developed, decreased, and are no longer
present. The female patient has had persistent menstnal
difficulties with excessive bleeding. In the male pahents
sperm counts are still very much depressed 2/'cars later.
The peripheral blood shows light lymphopenia. TI~e pa
tients complain of fatigue and neu ro-d rculatory insta
bility-evaluation of both symptoms is difficult,

Third Los Alanios accident

221. A third radiation accident at Los Alarnos on
30 December 1958 of a critical excursion. during a rou
tine plutonium salvage operation caused massive over
exposure of one man. 808 , 3S0 The average TBR exceeded
3,000 rad ; the dose to the anterior chest was r-' 12,000
rad, that to the front of the head r-' 10,000 rad, The vic
tim went into a state of profound shock within minutes.
The outstanding finding was right-sided heart failure
with resulting renal ischemia and nitrogen retention. The
patient died 35 hours after injury.

222. Less than 30 seconds after the accident the pa- I

tient was ataxic and disoriented, needing support to
remain erect. He complained of "burning up" and ap·
peared flushed at this. early time. \Vith~n 5 minutcs.he
was virtually l1DCOnSCIOUS and was admitted to hosPII~1

25 minutes after the accident. At this time, he was senu
conscious but disoriented and clearly in general shock
with depression of blood pressure. Vigorous efforts to
return the patient's blood pressure to a satisfactory I~vel
and to maintain it were made by giving pressor anures
in heroic doses, Five hours after the accident the patient
appeared to be in a satisfactory condition, he was rela
tively comfortable and mainly at ease. By this time 11

was obvious from dosimetric studies that his radiation
exposure had been supra-lethal. His leukocyte count rose
steadily to a peak of 28,OOOjmm3 but Iymphocytes had
virtually disappeared from the circulating blood in <6
hours. He had marked oliguria, voiding a total of <~
rnl of urine over 22 hours with a total fluid intake 01
14 litres in the same period. More than .30 hours after
the accident the patient abruptly became worse. devel
oped increasing abdominal cramps, became more cya
notic, and despite oxygen, lapsed into coma. His heart,
that had received nearly 12,000 rad, stopped 34~ hours
after the accident.

223. At autopsy, the picture was that 0 f acute right
heart failure caused by right-side myocarditis compli
cated by excessive fluid intake. The 1110St striking histo
logical findings were in heart llluscle: severe oel!e1l13
and beginning degeneration of muscle fibre with cellular



exudate between fibres showing the presence of true
interstitial myocarditis. In short, this could be termed a
cardiac death.It should not be regarded as representative
of all kinds of radiation injury to the heart, as in a
slightly different position he could have received most
of his exposure to the left side of the heart. In other
accidents, other parts of the body might receive the
greatest dose and other mechanisms of quick radiation
death are possible.

Lockport accident

224. On 8 March 1960 nine technicians were exposed
to pulsed X-radiation from an unshie1ded ldystron tube
at Lockport, New York:'l,OO Two of the exposed were
seriously injured, five others less seriously damaged,
while two remained asymptomatic during observation.
Shielding of greater or lesser areas of the body in men
working closest to the tube was critically important in
determining the outcome. To date, satisfactory inte
grated dose estimates of the entire body in any of the
men are not available. Clinical exposure appeared to
have been greatest over the right side of the head, right
ann, and axilla of A, the man most seriously injured.
Exposures of the nine varied with their individual ac
tivities. The best present estimates are that doses to A
could have been .as high as 1,200-1,500 r over certain
parts of the body. Since even a few inches back and
forth would result in major changes in exposure there
s considerable uncertainty. B's exposure is slightly less
han A's due to his smaller stature and slightly different
rosition, C's position on the floor limited his exposure
argely to head and upper chest. The next four, D, E,
7", and G, were exposed over greater portions of their
iodies for 60-120 minutes at 6 inches at 4-6 feet, and
{ and ] were minimally exposed for .-' 120 minutes
t 8 feet. Nevertheless, because of the pulsed nature of

the radiation, the actual exposure time was only 7.2
seconds/hr,

225. A was exposed from head down to mid-thigh,
B from head to pubic symphysis. C was exposed largely
above the shoulder level. Throughout exposure the men
were unaware that they were being irradiated. Never
the1ess symptoms appeared during exposure, severe
enough to make Band C seek medical aid on their way
home. Headache was the first complaint, beginning dur
ing exposure and described as severe, deep within the
centre of the head, and unlike any headache ever ex
perienced before; even walking around caused intoler
able pain. The headache persisted for several hours after
exposure. Nausea and vomiting began in the most seri
ously injured shortly after the beginning of the head
aches. Vomiting persisted throughout the first day;
nausea subsided very slowly. The most seriously injured
man continued to have morning nausea for a week after
exposure and sporadically for several weeks. Of all the
symptoms, nausea and fatigue were the most persistent.
With the exception of F all the exposed developed con
junctival reddening. In A conjunctivitis and acute eye
pain was followed by the development of haemorrhage
and exudates in both eyes, with severe interference of
vision in the right eye due to macular involvement. His
eye difficulty has continued to be present and has changed
only in that the acute symptoms have subsided. Vision
in the right eye did not improve and that in the left
eye remained stationary. Parotid swelling was the most
severe in A. Both A and B had temporomandibular
tenseness and pain on moving the jaw. Treatment was
conservative throughout the patients' hospital course.
In A an initial wave of erythema was present during the
first 7 days after exposure, a second wave between days
13-19, and a third wave, also seen in E, D and C, between
days 24-29. These waves are shown in figure 5 that also
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Figure S. Graph showing the periods of erythema and levels of leucocytes, platelets lymphocytes
and monocytes in K. S. (A) injured in the Lockport accidentw? • ,



shows changes in the total white count, platelets, lympho
cytes, and monocytes,

226. A's total leukocyte count fell from the time of
admission until approximately the sixth post-exposure
week. At that time minimal counts of r-' 1,40D/mms were
seen. Monocytosis was a prominent feature of the pe
ripheral blood during acut~ sto~natIt1.spresent days 7~15.
Lymphopenia was severe m this pa~lent an~ was a? ~m
portant indication that A had ~l1.stamed major radiation
injury. Platelets reached minimal level of 35,000
40,00D/mm3 duing the fifth post-exposur~ week. There
was no evidence of abnormal bleeding, with the exc~p

tion of a few petechiae on the palate and one foot during
the fourth post-exposure week.

227. At day 38, A became febrile, somnolent and
mentally depressed; these sympt.oms. increased, so that
at day 44 he was moderately ataxic with tra~slent pa.res
thesias of the right arm and left hand, and mild transient
reflex changes. These neurological symptoms varied over
12 days. Electro-encephalo~~ams showed multiple, large
and small focal abnormalities. The records improved
gradually until a normal record was first obtained on
12 Scpte~ber 1960. Mild fatigue with improvement in
over-all symptoms continued at day 210.

228. In A there was complete aspermia by the sixth
month, with complete return to better than normal values
at the end of one year. Sperm samples of the others
showed at most only the minimal depression during the
acute phase.

229. Follow-up examinations on A, Band D at one
year showed all observations on B were normal, progres
sive deafness in D-apparently traumatic-but no other
significant findings, continuation of the eye symptoms
in A, complete correction of aspermia, secondary loss .of
hair over the right temple and eyebrow, and mild
asthenia.

ASSESSMENT OF INJURY

230. At present, the severity of illness follow!ng ra
diation damage can only be assessed by comparing the
response of the patient with that of others previously
exposed under similar conditions, who have survived or
have been fatally injured. For this reason, detailed in
formation concerning radiation dose, exposure condi
tions, and the clinical course of each patient injured by
radiation should be available to all likely to be concerned
with these conditions. There is need for further bio
logical indicators of radiation damage, other than the
existing methods, of which the early rate of fall and
ultimate depression of lymphocytes appears the most
sensitive. A number of patients from reactor accidents
showed a high urine level of amino acids380, 101 and it was
hoped that this might serve as an index of tissue break
down.SSl The metabolism and re-utilization of amino
acids by the body is so rapid that their release from
proteins being quickly broken down after irradiation can
be shown only by the use of special research tech
niques402,403 not yet applicable to clinical diagnosis.

231. Creatine excretion in the urine is a good indi
cator of muscle break-down. Patients with muscular
dystrophy excrete large amounts of creatine. It is pos
sible that the weakness of irradiated patients might also
be reflected in excretion of excess creatine. Radiation
induced creatinuria has been stlldied.404-,~o8 There is a
correlation between large integral doses of radiation to
muscle and creatinuria. Since creatine estimations are
simple and accurate this would appear to be a promising

144

line for further study. Similarly the excretion of beta
amino isobutyric acid is an index of .the bre~k-downof
cell nuclei but the analytical method 1S less Simple.

V. Late effects of irradiation in rnan,
including carcinogenesis

LIFE-SHORTENING

Effect of long-term radiation on life-span in man

232. The problem of extrapolation of animal life
shortening data to man is difficult b~cause ~f t~e lack of
data on life-shortening for large annuals With life-spans
intermediate between man and rodents. TBR of rodents
shortens life-span; this effect has not been shown un
equivocally in man. Three studies ha;re. compare1 mor
tality of radiologists with other physicians or With the
general male population.

233. Dublin and Spiegelmanv" in.ve.stigated 2,..046
deaths of United States medical specialists age 3.:>-74,
1938-1942. Mortality in all specialist. groups ,:vas l,ess
than that for all physicians, but mortality of radiologists
and dermatologists was 16 per cent and 25 per cent re
spectively above that of all specialists combined. From
their data, the mortality of radiologists and dermatolo
gists, combined or separated, differs f ram that of spe
cialists not using radiation routinely by an amount bor
dering on statistical significance. Dublin and Spiegelman
did not calculate occupational risk in differences in life
expectation, but estimated from their data and life
tables for physicians that the difference between radiolo
gists and dermatologists and other specialists is 1-3
years.

234. Warren-" used 82,441 obituaries of physicians
reported 1930-1954 in Iournai of the .American Medfcal
Association to compare the mean age at death of United
States radiologists (60.5 years) to that of other physi
cians not exposed occupationally to radiations (65.7
years) ; he concluded that radiologists died 5.2 years
earlier.

235. Court Brown and DaU4l1 , 412 compared the mor
tality of British radiologists 1897-1957 with those of all
physicians and of men of equivalent social class (defined
by the Registrar-General). Correcting for age distribu
tion and various biases in vital statistics, they concluded
that British radiologists show no evidence of life
shortening. They attribute this to early adoption of
effective safety measures.

236. These studies suffer fr0111 uncertainties and limi
tations that bedevil evaluations in man. Dublin and Spie
gelman did not intend an analysis to apply to mortality
in radiologists specifically. For this purpose their work
suffers from small sample size. Warren's data were not
corrected for age distribution of groups at risk. Seltzer
and Sartwell-!" found "the difference between radiolo
gists and other physicians as to average age at death
can be accounted for simply by differences in age COIll

position between the two groups". The differences found
by Dublin and Spiegelman included consideration of age
distributions. These data were analysed in annex G 0 [
the 1958 rcport.t'"

237. Warren has compared the survival of radiolo
gists averaged over five-year periods with survival of
the general population.v" The latest report giving sur
vival of the general population and radiologists (Warren,
personal communication) suggests that the slope of the



radiologists group is approaching that of the general
population, i.e., the survival of radiologists has increased
from 1930 to 1957 at a more rapid rate than that of the
general population. This suggests in retrospect that the
evidence of life-shortening in American radiologists
should not be dismissed out of hand. The fact that no
life-shortening was found among radiologists in the
United Kingdom probably reflects not only differences in
safety procedures, but also in practice. In the United
Kingdom, most radiology is done in hospitals, and there
fore many examinations are made by radiographers
rather than radiologists themselves. In the United States
the private practice of radiology is much more extensive,
and the radiologist tends to do this himself. Fluoroscopy
is much more extensively practised in the United States
than in the United Kingdom and probably the number
of X-ray films used in radiographic examinations is
likewise greater.

238. A lower limit can be set for life-shortening of
United States radiologists by considering leukaemia in
cidence only. A statistically significant excess of leu
kaemia among those radiologists has persisted for years,
decreasing recently.416-41'9 This is equivalent to a life
shortening of 3-12 months, depending on assumptions.

239. In conclusion, occupational exposure of United
States radiologists increased mortality in past decades,
but the radiation doses and distribution are unknown.
The exposures must have been heterogeneous with
hands, arms, and upper body receiving the most. A life
shortening effect in man after substantial TBR is to
be expected from animal data. Despite uncertainties,
data on radiologists and other medical specialists repre
sent one of the best available means for studying late
effects of radiation in man.

CARCINOGENESIS IN MAN

240. It was early known that skin cancers were com
mon in radiologists and dermatology patients. Later,
radiation-induced tumours were seen in haematopoietic
tissue, bone and thyroid. Increased leukaemia has been
reported in United States radiologists, in Japanese
atomic bomb survivors, in children irradiated in infancy
for benign conditions (usually thymic enlargement) and
in ankylosing spondylitis patients. Some retrospective
studies have reported that a greater proportion of chil
dren with leukaemia and other malignancies were ex
posed to X-ray in utero than selected controls without
malignant disease.

Leuleaemoqenesis

Situations in which a relationship between radiation and
leukaemia has been established

241. Single doses of external radiation to whole body
at r-' 100 rad or more and irradiation of an appreciable
pOI·tion of the bone marrow with v-> 500 rad or more,
slightly increase the incidence of leukaemia in man.
There is no evidence of an increase in the first fifteen
months after exposure. In the Hiroshima data, limited
to 2 Inn f rom hypocentre, the incidence increased to a
maximum between years 4-7, declined thereafter but was
still above the expected incidence in 1959. The Japanese
data420-42G shows that with short-term exposures to doses
greater than s-> 100 rad, the incidence of leukaemia inte
grated over fifteen years increases with dose. The exact
quantitative relationship between dose and incidence of
leukaemia is unknown. Assuming proportionality, the
increase over the natural incidence, averaged over the
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fifteen-year period, is about 100 cases per lOG persons
per 100 rad for each year at risk. This estimate is prob
ably too low in children and too high in adults. Addi
tional data are needed for selected age groups.

242. Large amounts. of external radiation, protracted
over a long time given to the entire body or a large seg
ment of bone marrow, are leukaemogenic in man. Never
theless, present uncertainties about the influence of dose
rate, fractionation and total dose make it impossible to
estimate the probability of leukaemia other than under
short-term exposures to high doses. Moreover, long-term
exposure is probably less leukaemogenic than short-term
exposure for the same total dose.

243. }131 given in high doses, e.g., therapy of carci
noma of the thyroid has in some cases caused leu
kaemia.s'"

244. Cases of leukaemia in which a relationship to
radiation exposure was shown42 7,426 indicate that with
few exceptions the leukaemia was either acute or chronic
granulocytic, In the United States and United Kingdom,
the commonest chronic leukaemia is lymphocytic; its
increasing incidence has not been correlated with irra
diation.

Situations in which a relationship between radiation and
leweaemia has been suspected but not established

245. It is not known whether short-term exposure to
doses of less than r-' 100 rad given to the entire body or a
portion is leukaemogenic. In particular there is a ques
tion about an increased incidence of leukaemia among
children exposed in utero, during diagnostic pelvimetry
of the mother.428-13T

246. There are no documented cases of leukaemia as a
late effect of radio-isotopes such as Sr89, 9'O and radium
at any body burden. With thorium while there are nine
recorded cases, the relationship between thorium and
leukaemia is hard to gauge because of scarce clinical and
dosimetric information.

247. Since leukaemia has been seen after irradiation
in Japanese, British and sporadically in other nationali
ties, there is no reason to believe there is any outstanding
racial sensitivity to radiogenic leukaemia.

Leztlwemia ill the JajJa1USe suroiuors of the atom bomb

248. The increased leukaemia incidence in Japanese,
exposed to nuclear explosions in Hiroshima and Naga
saki, is inversely related to the distance from the hypo
centre. Dose-estimates are uncertain even after the re
sults of recent tests which simulated an actual nuclear
explosion with extensive shielding. Heyssel et al./2~

summarizes studies by the Atomic Bomb Casualty Com
mission since 1951 on the increased leukaemia in the
Hiroshima survivors and relate incidence to calculated
close from y-rays and neutrons combined in the open air
at various distances from the hypocentre, In these cal
culations, they used an RBE of 1 for neutrons. They
estimated that 60 per cent were indoors at the time of
the explosion, reducing the air dose by 30-70 per cent.
With leukaemia Cases diagnosed up to 1957 they postu
lated a linear relationship between incidence and calcu
lated open-air dose of 177 rad or more. The point, rep
resenting the leukaemia incidence of 3,605 persons re
ceiving a mean estimated air dose of 77 rad, falls almost
on the line drawn through points at higher doses. No
cases of leukaemia were seen in 3,512 and 1,305 persons
receiving an average estimated air dose of 34 and 19
rad respectively.

f
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data of all suspected of dying of leukaemia or aplastic
anaemia; they calculated from dose records mean dose
to spinal marrow and whole-body integral dose of a large
sample. There were thirty-two proved and five probable
cases of leukaemia and four cases of aplastic anaemia;
the number expected from national vi tal statistics was
2.9 for leukaemia and 0.3 for aplastic anaemia, a signifi
cant increase ill mortality from these causes.

255. They estimated the annual incidence of leukae
mia for the general male population not therapeutically
irradiated to be 50/10°. The annual incidence in man
given a mean dose of over 1,750 rad to only spinal mar
row was 1,600-1,700/100• For all patients regardless of
site of exposure, the annual incidence was 7,200/1Q6,
with a mean spinal marrow dose of over 2,250 rad,

256. Classifying cases by mean spinal marrow and
integral dose shows a correlation between dose and leu
kaemia incidence. The shape of the incidence-1Js-dose
curve depends upon whether mean spinal marrow or
integral dose is used, and whether the cases given extra
spinal radiation are excluded. However, whatever the
method of analysis, the relatively small number of cases
of leukaemia and the dose parameter used make it im
possible to decide whether the dose response relation
ship is or is not linear (figure 6).

7~ 1Clll wo 1.10O usa
MEAN DOSE TO SPItw..IMRROW. CrI

Figure 6. Incidence of leukaemia in relation to mean spinal
marrow dose of therapeutic irradiation. The regression line
was obtained after weighting the rates according to their
reliability and is given by Y = 0.OO586X + 0.380' the 95 per
cent probability limits of the value of Y for each' value of X
are shown by the curved lines. Redrawn from Court Brown
and Doll TSO

257. The single point below 500 rad is based 011 two
cases of lymphatic leukaemia, one chronic that developed
after a mean marrow dose of 471 rad and the other in
which the spine received 113 rad but extra spinal regions
received additional larger doses.

258. There were ten cases of leukaemia within five
years after a single course of therapy. 0 f the thirty
seven Ieukaernias, including those with multiple courses
over .years ~nd those with a single course ill a month,
the diagnosis was made in thirty-five within five years
of ~~e las~ treatment. Of the fifty Ieukaernias in spon
dylitic patients after X-rays, including those reported by
Court Brown and Doll, thirty-eight were acute and onlv
eight were chronic-with only one of the latter being
chronic lymphatic leukaemia. Data in the remainder were
insufficient to establish clinical type.
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249. These authors also show that the latent period
between exposure and development of leukaemia de
pends on dose. They report that nearly all cases in the
exposed and non-exposed persons were acute leukaemia
or chronic granulocytic leukaemia. Among the Japanese,
chronic lymphocytic leukaemia is very rare; a very few
cases were found in exposed and unexposed groups and
their significance, if any, is hard to evaluate. Heyssel
et al., estimate that radiation increased the incidence of
leukaemia rather than accelerated the appearance of
spontaneous cases.

250. For several reasons, individual dose values can
be appreciably in error. At least 200 survived where the
mean open-ail' dose was calculated to be 2,620 rad.43B

Allowing for shielding and assuming that they were at
the edge of zone, the doses received, by these calcula
tions, must have been> 100 per cent lethal. In the 10w
dose region, the accuracy of the calculated doses may be
seriously questioned since many victims in the 2,000
2,499 metre zone, where the calculated average dose was
less than 10 rad, had symptoms (epilation, oropharyn
geallesions, and purpura) 427 suggestive of severe radia
tion dosage. The calculated dose is far below that pro
ducing radiation sickness after TBR and it may be that
the quoted doses are a serious underestimate because of
the contribution of induced radio-activity. On the other
hand, since victims even farther away were also said to
have similar symptoms it is the consensus of opinion of
the observers-" who interviewed these patients that their
symptoms were complicated by malnutrition and factors
other than radiation exposure.

251. These studies by Heyssel et al.,425 suggest a
straight-line relationship between doses above r-J 100 rad
and the incidence of leukaemia among bombed Japanese.
Considering the large variation inherent in incidence and
dose estimations, the data could also have been repre
sented by a straight 1i.ne with a different slope, or by a
curved line.42B Although the data are not enough to say
whether the relationship is linear over the entire dose
range, they do allow a conservative estimate of the
probable incidence of leukaemia in a population of all
ages over the first 10-15 years after a single exposure to
high doses. A reasonable estimate might be an average
of 100 additional cases per lOa persons per 100 rad for
each year at risk during that period.

252. It is not possible to demonstrate an age-incidence
relationship because of the small number of cases of
leukaemia in Japan although there is some indication of
a higher rate among bombed children than bombed
adults. Hence, pre.diction of inciden~~ in selected age
groups or ~a1~u!atLOn of the probability of leukaemia
among the individuals exposed may be speculative.

253. There are some data which suggest an increase
in leukaemi~ incidence in Hiroshima among persons who
were not directly exposed to the atomic explosion but
who entered the area very Soon afterwards. These data
should not be overlooked, although there is great diffi
cu!ty, at the present time! in making any accurate calcu
lation of the dose received from the induced radio
activity.4sD

Leuleaemia in ankylosing spondylitis

254. Court Brown and Dol1412 , 440 in the United King
dom reviewed 13,352 patients, presumed to have an
kylosing spondylitis given X-ray treatment to their
spil7'es, from 1 Janu~ry 1953 to 13 December 1954. They
reviewed death certificates and clinical and pathological
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259. Some leukaemia patients showed a sequence of

pathological changes: a persistent damaged or aplastic
marrow was a precursor rather than a consequence of
leukaemia; other cases of aplastic anaemia were seen
after the same dose range.

260. In attempting to extrapolate the incidence data
to low doses, use of the incidence of spontaneous leu
kaemia in the general population as a control is ques
tionable since there appears to be a strong hereditary
factor in ankylosing spondylitis.v" This is underscored
by the report of Abbott and LeaH 2 showing an associa
tion between untreated rheumatism and leukaemia. The
only available control group of 399 untreated spondylitic
patients is too small to be useful.

261. Because of limited data in the lower dose range
and lack of an adequate control group, this study does
not provide evidence on leukaemia incidence after doses
below 500 rad.

262. Leukaemia is a rare disease; cases after radia
tion represent only a small portion of its incidence.
N evertheless, in a single case where the onset of leu
kaemia associated with radiation exposure occurs within
an appropriate interval after a known single exposure
to over 100 rad, the probability that the disease is due to
radiation is high. It is possible to estimate this proba
bility by considering the normal incidence in the popula
tion and the probable increase in the incidence of leu
kaemia after a single high dose.443,m This probability
will increase to a maximum around the fourth-seventh
year after exposure and thereafter decrease perhaps ulti
mately diminishing to the level of the incidence expected
in the general population.

Leukaemia in children (table VI)

263. Some investigators found an increased incidence
of leukaemia in children given radiation to the thymus;
others have not. There is no satisfactory control group
for a conclusive statistical evaluation. Simpson, Hempel
mann, and Fuller,"?" Simpson and Hempelmanrr':" and
Simpson 417 found in 2,393 such cases in upstate New
Y ork-87 per cent traced4SS-twenty-one cases of malig
nancy instead of 3.6 expected, and nine confirmed and
one unconfirmed leukaemia deaths instead of one ex
expected. Most other malignancies were thyroid carci
nomas. There was no significant difference between
expected and observed incidence of cancer or leukaemia
in 2,722 untreated siblings of children in this study.

264. Exposures measured in air were known or calcu
lated from radiation factors for all but 299 children.
Four of the known leukaemias were in 1,050 children
with a cumulative exposure of less than 200 r, 5 were in
1,025 children given 200-600 r. All other malignant neo
plasias were among children given 200 r or more. Aver
age survival between irradiation and death from leukae
mia was 5.3 years.

265. Since the state of the thymus gland in the sibling
group is unknown and is, in general, normal in children
of the general population, this study does not differen
tiate between the association of leukaemia and (a) X-ray
exposure, or (b) thymic enlargement. Because it is im
practical if not impossible to get an accurate control
group, (i.e., children with thymic enlargement at birth
not treated with X-rays), children irradiated for other
reasons must be studied.

266. Conti et al!48, 449 studied in 1948 1,564 children
treated with X-rays in Pittsburgh-96 per cent had thy-
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mus glands of normal size at birth. The radiation factors
were uniform; 88 per cent were given 75-300 r (usually
150 r) to the manubrium; the remainder were restudied
11-18 years after therapy. Four cases of malignant dis
ease, including one of leukaemia, were expected in this
group; none was found. There was no significant differ
ence between the number of expected and observed cases
of cancer and leukaemia in untreated siblings.

267. The failure to find the four expected cases of
neoplasia is not significant, since one-tenth of the group
was not located. One can conclude, nevertheless, that
there was no evidence of an increased cancer rate in
treated children or of a greatly increased leukaemia
frequency.

268. To avoid variables due to considering children
given X-ray therapy to the mediastimal region only, a
study was made of 6,473 children in Rochester, New
York, treated with X-rays for various benign conditions
in the past twenty-five years!S4 The difference between
the eight leukaemia cases observed and the two expected
is significant. There were five leukaemia deaths in 2,750
children treated for thymic enlargement; two were in
seventy-five children treated for pertussis and one in
1,073 children given X-rays to the head and neck region,
mainly for lymphoid hyperplasia of the nasopharynx.
There were no leukaemia deaths in 2,460 children treated
with superficial X-rays for benign skin lesions.

269. Similar surveys of children treated for thymic
enlargement and other benign lesions are now being
made in the United States. Latourette and Hodges'""
reported the incidence of, neoplasia in 861 children
treated for thymic enlargement, 1932 to 1951. Most chil
dren were treated with 200 r or less, through a large
10 x 10 cm port. The two cases of lymphoma (one being
leukaemia) were more than expected, but not sigriifi
cantly so. One child had a carcinoma of the thyroid and
others had various benign tumours. Snegirefts'" found
two thyroid tumours in 148 children followed out of
1,131 children treated for thymic enlargement; Moloney,
in a discussion of Simpson's workv" mentions seven
cases of thyroid neoplasias including two malignancies
in 125 of 700 children so treated.

270. Saenger et al4 5 2 reported on 1,644 out of 2,230
children treated for various benign conditions. Of 675
given treatments exclusively to the chest, mainly for
thymic enlargement, only 124 received more than 200 r.
Eighteen cases of thyroid neoplasia (eleven diagnosed
as malignant) and one case of leukaemia were found in
the entire group. They also report a striking incidence of
morbidity of all types of non-fatal illnesses -in these
children, indicative of the selected nature of the group.

271. From these studies it is clear that an association
between radiation exposure and subsequent leukaemia
has been established only in one group of children treated
with X-rays for thymic enlargement. Further epidemio
logical studies are needed to establish the true incidence
of leukaemia in children given thymic irradiation, and
especially the relation of incidence to dose, port size, and
part of body treated.

272. Numerous studies of children given radiation to
the thymic region showed an increased incidence of thy
roid neoplasia; in contrast, an increased leukaemia inci
dence was found only in one study.

273. Long-term exposure to radiation will increase
slightly the incidence of leukaemia in man. This opinion
is based mainly on the reported increased incidence of



leukaemia in United States radiologists and the appear
ance of sporadic cases following long-term exposure
from diverse sources.v" Since information on dose and
other data are poorly documented, this evidence is not as
good as that for short-term radiation. Data are inade
quate to allow even a guess as to relationship between
dose and induction of leukaemia after long-term ex
posure. Experiments in animals indicate that the leu
kaemogenic effects of cumulative doses are less in long
term than in short-term exposure.r" Whatever the dose
rate ill long-term radiation, it is likely that the cumulative
dose exceeds f""J 100 rad in those cases where leukaemia
is believed to have been induced by radiation.

Leukaemia. in radiologists

274. Among United States physicians the ratio of leu
kaemia deaths to total deaths between radiologists and
non-radiologists was 10.3 :1, 1929-1943,41°6.7 :1, 1944 to
1948<l11 and 3.6:1, 1952-1955.418 The downward trend
probably reflects better precautions by radiologists and
possibly an increase of leukaemia among non-radiolo
gists. From 1938 to 1952, there were seventeen leukaemic
deaths in United States radiologists (35-74 years of age)
-an average annual rate, after correction for age dis
tribution, of 610/100 compared with the population aver
age, 121/100

.<l1O The ratios vary, depending upon time
and corrections for age distribution.

275. Braestrupv" estimates that radiologists working
with old-type X-ray equipment and few protective meas
ures received as much as 100 rad per year; that exposure
before 1930 was considerably higher; and that at present
it averages considerably less than 5 rad per year. His
estimates of accumulated total exposure of a radiologist
using old-type X-ray machines was about 2,000 rad dur
ing forty years of practice. Lewis-" assumes the average
exposure of all radiologists to be 30 rad per year or
1,200 rad in forty years. However, these estimates and
assumptions of dose must be treated with great reserve
in view of the uncertainty involved in their derivation,
and it also has to be recognized that the distribution of
radiation dose throughout the body was far from
uniform.

276. In contrast, British radiologists who began prac
tice after 1921 have had no increase in leukaemia; the
only two known cases were among those in practice
before this time,452 probably for reasons previously dis
cussed in the differences in life-shortening.

Peluic irradiation and lcukaentia in children (table VII)

277. In an extensive retrospective survey, Stcwart,
Webb and Hewittv''' interviewed mothers of: (a) 677 of
792 children under ten certified as having died of leu
kaemia in England and Wales, 1953 to 1955; and (b)
739 of 902 children under ten certified as dying in the
same period from other cancer. They also interviewed a
control group of mothers whose children were still alive
and who were matched with the study children for age,
sex, and locality. They found a higher f relJuCIlcy (13.7
per cent) of diagnostic X-ray pelvimetry in mothers of
children dying from cancer than in mothers of control
children (7.2 per cent), There was some correlation
between size of the ratio between numbers exposed to
abdominal irradiation and number of X-ray films re
ported to have been .taken. The ratio was highest for
mothers exposed during the first few months of preg
nancy.

278. Four similar retrospective studies were made in
different parts of the United States. Ford et al.-m COID-
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pared seventy-eight leukaernic children and seventy-four
children having other malignancies With 306 dead con
trols matched for colour, age and pla~c of death in New
Orleans. Their findings are in line WIth oh~('n'ations of
Stewart et al.480 26.9 and 28.4 per cen t 0 f the children
with leukaemia and other forms of malignancy were
irradiated in utero, compared with only 18.3 per cent of
control children.

279. The three other studies, using other methods for
selecting controls, do not show the same excess of foetal
irradiation in leukaemic child reil. F'olhernus and Koch~z3

found no significant difference ill the history of pre-natal
irradiation in 251 diagnosed leukaernic cases in the
Children's Hospital of Los Angeles, compared with the
same number of matched control children with non
orthopaedic diseases on the surgical service of the same
hospital. In a current study of childhood leukaemia in
California, Kaplan and 110ses13~ found that the number
of children with leukaemia having a history uf pre-natal
irradiation exceeded that of the group of siblings used
as controls; such an excess was nut seen, however, when I

the leukaemic children were compared with healthy play
mates. Murray et a/.n l found no significant difference
in the history of pre-natal exposure' 0 f sixty-five children
with leukaemia, sixty-five matched dead controls, and
the 175 living siblings of both groups.

280. In these retrospective studies, the choice of the
control group is crucial. The studies as presented do no!
differentiate clearly between the association of leukaemia
and (a) the effect of the medical cunrlition which
prompted the diagnostic examination. or ({J) the effect
of X-rays.

281. In an extensive prospective study on the inci
dence of leukaemia after exposu re to d iagnostic radia
tion i1t, utero, Court Brown, Doll anel Itracl ionl IIil1~3$,~36

followed up 39,166 live-born children whose mothers had
been subjected to abdominal or pdvh:: rat li.uion during
pregnancy, 1945 to 1956. Among their children nine were
found to have died of leukaemia heforc the end of 1958,
instead of the normally expected number. 1O.S.

282. It is clear, therefore, that existing data on sequels
to irradiation in utero have led to con th-t ing conclusions,
Stewart's data are \'ery important for ('\'altl:ttin1 somatic
effects in man as they are the only data pointing to low
doses of radiation being carciuugenir-, ]·ll'c;llIsC of their
serious implications, the r i rcumstnnci-« surrounding
these data must be understood. If these data arc not mis
leading for reasons yet unknown, one wnukl have ex
pected double the incidence of leukaemia in the Court
Brown, Doll, Bradford Hill study just citvrl. i.c. twenty
cases instead of the nine actually found, The data of
Court Brown et al. thus put into doubt the conclusions of
Stewart et al. On the other hand, i i the ratio from
Stewart et al.' S4~D earlier report is used, 1.7: I instead of
2 :1, the difference between the expected figure of 17± 4
and 9 -I- 3 is 110t such that a rlclinit« conclusion can be
drawn,

283. The conclusion of Stcwart et cl .'l~n also implies
that foetal haematopoietic tissue is much more suscepti
ble to the leukaemogcnic ('ffect of irrndiation than adult
tissue, As previously stated, it is not known whether
short-term exposureto r1():,es less th.m -' 100 racl to the
entire body 01- a portion is leukal'l1ll,gl'nil', ;\cn·rthele5s
to answer the question raised by the data about tlte inci
dence of leukacm ia among children ('XI" I~t'(1to diagnostic
pelvimetry ill utero certain thl.'ulTtic:d csrimatcs can be
made. Such estimates for the adult ~l!1-:~,·-;t that 1 rad to
bone-marrow produces 011l' cas(' uf lvuk.u-ruia !ll'r million
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Radiation cataract

289. Exposure of the optic lens to X-rays, v-rays,
j3-particles and neutrons causes cataracts in man.
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closed sample, are subject to the factors of selection that
might enter into the admission of cases to this series.
With this important reservation the incidence increased
in inverse proportion to hypocentre distance. If the back
ground incidence of all malignant neoplasms, i.e., 280
per 100,000 among the non-irradiated population is sub
tracted from the incidence of malignant neoplasms the
curve is linear and parallels the incidence of leukaemia
(figure 7). The incidence correlated to site was higher
in all age groups (figure 8). Table VIII shows a signifi
cant difference between observed and expected cases of
cancer of stomach and lung at the 1 per cent confidence
level, while differences in cancer of the cervix and ovary
are significant at the 5 per cent level, though the numbers
are still small. These preliminary observations need ex
tension in numbers and time so that the increased inci
dence of carcinoma developing only after many years of
latency after irradiation can be correlated with dose and
temporal occurrence.

288. Despite the numerical weakness of the data/5s the
degree of initial leucocyte count depression in the first
fourteen weeks after exposure correlated with the oc
currence of late effects. The data indicate that the more
severe the initial exposure as indicated by clinical signs
and early laboratory work, the oftener late effects appear
(figure 9).
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Figure 7. All malignant neoplasms (including leukaemia) among

atom bomb survivors, May 1957-December 1958, and total
leukaemias, 1950-1957, by distance from hypocentre per 100,000
population per year. Modified from Harada and Ishida457
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r' persons per year for perhaps ten years of risk. Since the
r normal annual incidence of leukaemia in England and
I Wales under age ten is ,....., 37 per million and the amount
! of radiation received by the foetus from irradiation of

the mother's abdomen is estimated to be r-' 1 rad, it fol
lows that if this dose were to double the incidence of leu
kaemia in children it would have to be ,....., 40 times more
leukaemogenic than the same dose in the adult.

284. Although foetal tissue appears more radio
sensitive than adult tissue, e.g., foetal nervous and thy
raid tissues are more radio-sensitive than their corre
sponding adult tissues, there is no evidence that this
holds for haematopoietic tissue. In fact, adult haemato
poietic tissue appears to be the one adult tissue that is as
radio-sensitive as embryonic tissue. From their study of
patients irradiated for ankylosing spondylitis, Court
Brown and Do1l41 2 estimated the dose to marrow that
doubles the expected incidence of leukaemia to be
30-50 r. Assuming thatthe leukaemogenic effect of radia
tion is the same in foetus and adult and that 40 r is the
doubling dose, and that radiation to the foetus in utero
is as high as 4 1', one would not expect to find more than a
10 per cent increase in leukaemia in children irradiated
in utero, i.e., in the Court Brown, Doll and Bradford
Hill study the increase to be expected over the estimated
10.5 would be one case.

285. Doubts about the controls in Stewart et al.'s
study have been discussed. m A probable bias is under
reporting of radiation exposures by the control mothers
since it is reasonable to suppose that mothers of dead
children would recall the events of pregnancy more com
pletely than mothers of children who are alive and well.
In the light of the study of Court Brown et al.m the
question of the effect on the foetus remains open. Clearly
a further study of this problem is needed.

286. It has not been established whether internal emit
ters selectively deposited in bone (bone-seekers) but not
delivering a uniform dose to the marrow are leukaemo
genic in man. The apparent increase in leukaemia among
patients with polycythemia vera treated.with p32 is sug
gestive but not conclusive in the absence of an adequate
control population. Leukaemia has followed giving pal
in high and repeated doses in patients treated for carci
noma of the thyroid. Leukaemia has also been reported
after treatment of hyperthyroidism with relatively small
doses of pal. In the latter instance, since the number of
cases is small and there are metabolic and other compli
cating factors in these patients, it is not possible to decide
whether or not radiation alone at this dosage level is
leukaemogenic in man. A recent extensive survey by
Pochin4 5 5 gives no indication that this treatment induces
leukaemia. Mouse leukaemia has been induced with bone
seekers ;456 however, it is questionable whether this dis
ease, or the conditions or irradiation and tissues irradi
ated, are comparable to those for man. An estimate of
the probable incidence of leukaemia from deposition of
81'90 has been computed.s-" No confidence can be placed
in such estimates because of lack of meaningful esti
mates of dosage to the marrow. Data obtained from ex
ternal exposure studies4-20-426, 440, 441 are not directly ap
})licable in the case of non-uniformly deposited isotopes.

MALIGNANT NEOPLASMS IN THE JAPANESE SURVIVOHS OF

ATOMIC BOMB

287. Harada and Ishida-" have recently reported on
'the incidence of neoplasms among survivors at Hiro
:!.lhima during May 1957-December 1958. These are
tumour registry figures and the data, not based on a

149



small granules and vacuoles develop as it enlarges. The
central opacity develops a relatively ~lear centre, ~vin.g
it a doughnut appearance by the time the opacity IS

3-4 mm in diameter. At this time, granular opacities and
vacuoles may develop in the anterior sub-capsular region
of the lens, usually in the pupillary area. The opacity
may remain stationary at any stage. Often it shows a
slow progression for a long time to the point described
before it remains stationary. If the opacity progresses,
it takes on a non-specific appearance and cannot be dif
ferentiated from cataracts from other causes.

291. X- or y·radiation have caused r-' 200 cases of ra
diation cataracts in man!~9,m Most had latent periods
but in many these were not related to radiation variables
such as quality, dose, or duration of treatment. The dose
and factors that might permit its calculation were not
reported in many cases.

292. The problems of minimal cataractogenic dose
effect of dose and mode of exposure on incidence of sta
tionary or progressive cataracts, influence of dose frac
tionation and dose or duration of exposure on the latent
period, effect of radiation quality, and age on lens sen
sitivity-are still unsolved for man.

293. From animal studies, radiation cataract results
from radiation destruction of the anterior epithelium,
which supplies cells that differentiate into fibres of the
lens. Young animals exposed pre- or early post-nataIly
have greater lenticular radiation-sensitivity than older
animals.

294. Merriam and Focht'"! studied in man 100 cases
of radiation cataract and seventy-three cases of irradia
tion to the head without subsequent cataract. Duplicating
the radiation factors, they measured X- or y-ray dose to
the lens in a phantom. Any clinically recognizable char
acteristic opacity was regarded as a radiation cataract
regardless of whether vision was affected. Numerous
uncontrollable variables in this study made it impossible
to determine the threshold dose.

295. The minimal effective doses were the least radia
tion producing some lenticular opacity. It was impossible
to classify cases by dose and degree of lens opacity;
they were classified by whether opacities were stationary
or progressive and this was then related to dose.

296. Ninety-seven of the radiation cataract cases and
seventy without radiation cataract were classified by
timing of treatment: single, fractionation over three
weeks, to three months, and fractionation > 3 months.
The minimal doses for production of lenticular opacity
in cases for each group were 200 r, 400 r, and 500 r
respectively. These figures suggest that the threshold
dose increases with duration of treatment.

297. Of thirty-seven cases irradiated in a single treat
ment (with radium plaques) , all twenty with doses from
200-1,150 r developed lenticular opacities. The other
seventeen received doses from 40-175 r to the lens with
out developing lens changes. There were only two cases
of .stationary lens opacities of minimal degree at an
estimated dose of 200 r, first seen nineteen and twenty
two years after treatment. Because of the small number
of cases (four) wit? doses from 200-350 r, the fact that
there were none WIthout cataracts does not prove that
the len? cannot tolerate higher single doses. Further in
formation on the effects at these dose levels is necessary
to determine the upper limits of tolerance. The maximal
non-cataractogenic dose in this treatment group was
175 r in a patient followed for 8~ years.
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Figure 8. Malignant neoplasms (excluding lymphoma and leu
kaemia) per 100,000 per year by age and exposure status, May
1957-December 1958. Modified from Harada and Ishida 407
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Although changes in the optic lens have been detected
after doses as low as 200 r, the minimal effective X-ray
dose (200 kv) for the production of clinicaIly significant
cataract is 600-1,000 rad; this dose may be lower for
infants or children and is highly dose-rate dependent.
Neutrons are 5-10 X more effective in causing cataracts
than X-rays.

290. The characteristics of radiation cataract in early
states of developmer:t are: an initial dot-like opacity,
usually at the postenor pole of the lens, around which
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Radiation effects on fertility

308. The late pathological effects in gonads are chiefly
a hastening in involutional changes associated with ad
vancing age. In animals, there is little evidence of radia
tion-induced testicular tumours, but ovarian tumours are
increased by radiation.

309. Histological sterility is complete absence of
gametes and even gametogenic elements. It is difficult to
predict its permanency by biopsy .or fror;n necro~~y sec
tions. Permanent and complete histological stenhty re-'
quires large doses to the gonads; such doses would be
lethal given in a short time to the whole body or a sub
stantial part.

310. Functional sterility can be induced by sma~ler

doses i this may be temporary or permanent depending
upon size and intensity of dose. In the male, the rate of
sperm production need. only be reduced to "Yhere"'th~re
are insufficient sperm 111 semen to be effective. An m
crease in abnormal sperm after irradiation also reduces
the number of effective sperm. Since the number of nor-
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1,000 r with a treatment time of 2;4 months and a follow
up period of 13;V2 years. The following table gives the
incidences and types of lenticular opacities in patients
after irradiation in various dose ranges for a three-week
-three-month over-all time.

not reported, but it is inferred that they were generally
mild.

305. In 1955, Sinskey 4 72 reported an intensi:re in,:es
tigation of 3,700 exposed and non-exposed Hiroshima
Japanese from May 1951-December 1953: there. were
154 survivors with posterior sub-capsular plaques 111 the
lens large enough to be visible with the opthalmoscope.
Opacities not so visible in the greater percentage of sur
vivors were not considered because they did not decrease
visual acuity in standard tests. Because <;Jf the relatively
negligible effect of the atom bomb on VIsual loss seven
years after the bombi~g, the t~rm cataract, ass?ciat:-d
with severe loss of vision or bhndness, was avoided In

this survey.
306. Sinskey found that of 425 survivors in Nagasaki

between 400-1800 metres from ground, 47 per cent had
lens changes detected by slit-lamp examination, with or
without history of epilation and shielding. Although most
opacities were so insignificant as to be invisible with the
opthalmoscope, statistically significant lens changes were
present in survivors with no other known early or late
evidences of radiation damage.

307. Among r-' 8,000 exposed survivors of Hiroshima
and Nakasaki examined by 1956 (eleven years after the
atomic bomb explosions), ten cases of severe cataract
were found. The relationship between these cases and
radiation alone is not clear.

Cataract i"eidellCeDoserange (r)

40-350 , 0 of 18 patients
351-550 4 of 9 patients
551-750 6 oflO patients
751-950 16 of 26 patients
951-1,150 2 of 3 patients

1,151-1,399 No cases
1,400-6,100 21 of 21 patients

298. Of eighty-seven cases given multiple treatments
for three weeks to three months, forty-nine developed
lenticular opacities with X- or ')I-ray doses of 400-6,100 r
to the lens. Lens opacity after 400 r (one case) was first
seen 2;4 years after treatment and was stationary. The
maximal non-cataractogenic dose in this group was
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299. Of forty-three cases irradiated over a period
longer than three months, twenty-eight developed len
ticular opacities after X- or ')I-ray doses of 550-6,900 r
to the lens. There were two cases of cataract after 550 r,
one progressive and one stationary, first seen forty-four
months and four years after treatment respectively. The
maximal non-cataractogenic dose in this group was
1,100 r, with a treatment time of 1,% years and a follow
up period of twenty-two years.

300. The 100 per cent incidence level of lenticular
opacities occurred at the lowest-dose level for the single
treatment group (200 r) and at any greater dose. In the
multiple treatment cases, the longer the duration of treat
ment, the lower the incidence at a given dose range below
1,150 r; the higher the dose for a given treatment, the
shorter the time of appearance of the lens changes and
the higher the incidence of progressive opacities with
resulting decrease of vision. In general, fractionation of
dose delays the time of onset of cataracts and decreases
the incidence of severe opacities.

301. The lenses of children under one year of age
seem to be more sensitive to radiation than those of older
children and adults.

302. Cataract production by fast neutrons compared
with X-rays increases significantly with protracted ex
posure; i.e., the RBE is about 2-4 for high-intensity and
9 or greater for low-intensity radiation, only because the
dose of the "standard" radiation changes, not that for
neutrons.

303. By December 1948, at least ten nuclear physicists
of mean age thirty-one had incipient cataracts after
cyclotron exposure.v" Three cases were severe with defi
nitely impaired vision. Four were moderately severe, and
three were minimal. It was estimated that over periods
of 10 to 250 weeks, these men had received total doses of
fast neutrons to the lens of 10 n-135 n with a median
dose of 50.* At the time the cataractogenie exposures
were received, periodic blood counts done 011 most
showed no change in blood picture warning of over
exposure to radiation.

304. After the finding of radiation cataracts in the
physicists, Cogan et al.469 , 4 70 found 10 heavily irradiated
Japanese atom bomb survivors with radiation cataracts.
In studies by Kimura in 1949, described by Fillmore.""
98 cases of lenticular opacity were reported, 85 among
the 922 survivors in the high-dose region 1,000 metres or
less from the hypocentre, The severity of the lesions was

*1 n is equal to r-' Z rad.
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mal sperms per ejaculate necess~ry for .reprodt~ction is
large, sub-fertility may be as?ocmted with ~?nslderable
but subnormal spermatogenesis. These c~:m~ltlons can be
induced by doses to the gonads sub-lethal i f given as TBR.

Ste1'ility doses for men and women

311. The long-term pathologic~l effects of radiatio.n
on gonads have had little study with a~curat~ dose esti
mates. From. fragmentary data certain estimates are
attempted.

312. Gonadal doses affecting fertility are probably
similar for men and women: a single dose of ,....J 150 rad
to gonads may induce brief, temporary sub-fertility in
many men and women; a single dose of ,....J 250 rad may
induce temporary sterility for 1-2 years, and 500-600
rad permanent sterility in many, especially in people
with borderline fertility, with temporary sterility in
others for several years; single doses of 800 rad or more
would probably cause permanent sterility in all but a
few most resistant men and women.

313. Gonadal doses causing only temporary altera
tions in fertility in fertile people are sub-lethal if given
as TBR. Gonadal doses that permanently sterilize most
fertile people are likely to equal the TBR lethal dose.

314. Limited experience with the Marshallese, ex
posed Japanese, and certain accident cases suggest that
substantial fractions of the mid-lethal dose for man
(400-600 rad) do not have a serious, permanent effect on
fertility, but gonadal doses are not known with certainty;
few people have been studied for this purpose for a long
time after exposure.

315. Men may be sterilized permanently without
prominent changes in interstitial sex cells, hormone bal
ance or libido. Women sterilized by radiation undergo
greater physiological changes since ovarian production of
sex hormones is intimately related to development and
discharge of ova. Radiation termination of production
of ovarian follicles induces an artificial menopause in
women similar to natural menopause, with amenorrhea,
"hot flushes", diminished libido, and occasionally psychic
depression. From experimental data, long-term radiation
may seriously impair fertility in animals such as man
with relatively poor gonadal regenerative ability,

Degenerative diseases and histopathological changes

316. Injuries of the skin, atrophy, dermatitis, epila
tion, and epidermal neoplasia were among the first rec
ognized late radiation effects. In human skin, 500-700 rad
may induce permanent epilation. Smaller doses cause
temporary epilation, may decrease pigmentation or gray
the new growth of hair in irradiated areas. This effect has
not been reported in Japanese. Doses in the erythema
range or higher may also increase pigmentation of skin,
epidermal atrophy, and decrease sebaceous and sweat
glands in irradiated regions. Hyperkeratotic areas in
skin, and vascular sclerosis are also late effects of skin
radiation. Surface doses of ,-J 1,600 rad may cause con
siderable permanent dilation of capillaries (telangiecta
sia) in irradiated areas. In the past late changes we re
seen more commonly than today in the skin of hands
and faces of persons occupationally exposed to radiation;
radiation dermatitis and ulcers were often followed by
epidermoid carcinomas.

317. Nephrosclerosis is long known as a complication
of over-exposure of the kidneys in radio-therapy. Renal
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hypertension may be induced in man within months Ora
few years by single localized X-ray doses of ,...- 3,000.
5,000 rad or by fractionated doses ~f lesse~ size (e.g.,
a total dose of 2,300 rad to both kidneys m 35 daily
doses) ya These conditions have been induced in experi.
mental animals in a short time by local radition of the
kidneys with large d!?ses. More re~entl)', uephrosclerosl,
with renal hypertension and associated generalized arts
riosclerosis were induced in rats and m ice as late effects
of TBR with much lower doses (sub-lethal or LD50
range). Although the pathogenesis of nephrosclerosis as
a late effect is not clear, histopathological data indicate
that changes in fine vasculature are important in early
and late initiation and development.

318. Nephrosclerosis and related hypertension may
appear as a late radiation effect it! animals in which it
has rarely or never been seen within the average lifespan
(later periods are not well studied) or its onset may be
advanced in animals in which the disease has appeared
spontaneously. Renal hypertension, once established and
progressive, increases vascular sclerosis throughout the
body; progressive arteriosclerotic changes often induce
progressive atrophy of parenchymatous organs. Conse
quently, when irradiation has induced or advanced
nephrosclerosis with related hypertension in animals Or
man, the incidence of death from related causes (e.g.,
renal and cardiac failure, and cerebral haemorrhage)
increases with corresponding reduction in death from
other unrelated causes or f rom diseases having longer
induction times. Irradiation of human brain or spinal I

cord with several thousand rad, given singly or in large
fractions over a few weeks, may injure blood vessels,
cause ischemic damage of tissues, and progressive scle
rosis of blood vessels, 'with subsequent secondary degen
eration of brain or spinal cord. Blood vessels may rup
ture one to several years after exposu re.

319. Atrophic and fibrotic changes, often with arterio
sclerosis, have been seen in human haemopoietic organs
long after local radiation. Secondary anaemia has been
associated with myelofibrosis after long-term radiation
of bone marrow and also as a late complication of radia
tion therapy. Radiation osteitis is a late degenerative
effect of intensive irradiation (a few thousand rad) of
bone. The degenerative and destructive processes develop
slowly, and after many years lead to necrosis, pathologic
fracture, and osteogenic sarcoma.

320. The gastro-intestinal tract has shown some per
manent and late effects after f ractionatcd doses of several
thousand rad; atrophic and fibrotic changes and some'
times late ulceration in mucosa, and permanently reduced
secretion of acid and pepsin by the stomach.

321. Intensive irradiation 0 f the lunRs in radiation
therapy causes slowly developing progressive fibrosis,
with vascular damage and arteriosclerotic changes. Radi
ation fibrosis 4 7

-! usually develops slowly, but there have
been fatalities eight weeks after therapy. Lungs show
fibrosis with thickening of alveolar walls and vascular
system. The alveolar walls may be lined bv cuboidal
epithelium and the remaining alveolar sacs mav be filled
with cells. Cough and dyspnea are the principal symp
toms. Roentgenographs arc similar to those of puhno
Ilary fibrosis from other causes. The ro is considerable
unexplained individual variation in pnst-i rradiation
fibrosis but in general the incidence depends on dose.
The degree of disability depends also on the amount of
lung tissue irradiated : thus, tn-atmcnt nf intrathoracic
neoplasms where a large part of pulmonary tissue is
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exposed is apt to be more serious than treatment of
carcinoma of the breast, where usually only part of one
lung is exposed.v" Malignant neoplasms of the lung have
been seen in miners who inhaled radio-active substances,
and have been induced in animals by intra-tracheal in
jection and implantation of radio-active substances.

322. Substantial doses of radiation to actively prolif
erating mammalian tissues reduce their regenerative
capacity. Failure of such tissues to regenerate parenchy
mal cells to normal numbers is often associated with
increased connective tissue and vascular changes. In gen
eral, incomplete regeneration varies directly with size of
the single dose or with dose rate in long-term radiation;
in some tissues such as testis, fractionation may increase
dose efficiency in damaging regenerative capacity. It is
not clear to what extent the permanence of this effect is
due to the direct effect of radiation on stem cells, or to
damage of supporting tissue. Nor is it clear to what ex
tent in each tissue incomplete regeneration is due to: (a)
decreased reproductive capacity of existing stem cells,
(b) decreased stem cells surviving, (c) asynchrony in
regeneration of histological elements with increase in
connective tissue, or (d) damage of fine vasculature,
although any or all factors may be implicated depending
upon dose. Little is known quantitatively about the re
productive capacity of individual stem cells or the num
bers of primitive stem cells surviving in the post-recovery
period after irradiation. Fibrosis of small blood vessels
with general reduction in vascularity is often associated
with subsequent reduction in number of parenchymatous
cells and increase in connective tissue.

323. Changes in vascular and lymphatic systems, with
destruction of radiation-sensitive parenchymatous cells,
are important in the pathogenesis of many late radiation
effects. Many late effects may come from metabolic and
nutritional disturbances due to impaired blood supply
that reduce function and reparative capacity, and in
crease susceptibility to traumatic damage, infection and
disease in general.

Effects on growth and development

324. The regenerative processes of the body are fairly
sensitive to radiation; their inhibition may be prolonged
especially if vascular integrity is impaired. More quanti
tative study is needed after local and TBR.

325. Some quantitative studies in rats indicate that
repeated TBR at 24 rad/wk inhibits growth. A signifi
cant decrease in growth can be caused by repeated TBR
without decrease in haemoglobin or absolute neutrophils
levels.

326. Localized irradiation of the epiphysis inhibits
bone growth and shortens bones in man and animals, the
effects being greatest in youngest animals. Localized
irradiation of the jaws decreases tooth growth.

327. Studies in Japanese children after the atomic
bomb indicate a statistically significant if slight retarda
tion of growth and maturation. However, the effect of
non-radiation factors has not yet been adequately evalu
ated. Extensive measurements on 4,800 children at 6, 7
and 8 years after exposure in Hiroshima showed gen
erally that growth was retarded and maturation de
laycd.47G.477 In another study of several hundred children
in Hiroshima and Nagasaki, in years 2, 4 and 5 after
irradiation, physical growth and development were
affected adversely, and retardation of height, weight,
and skeletal development was still evident at the end of
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1950.478 The investigators believed that factors other
than radiation-e.g. malnutrition-may have contributed
to these effects.

VI. Special features of internal and
external contamination

PHYSICAL CONSIDERATION 47~

328. The hazards of exposure to radio-nuclides de
pend greatly on their physical and chemical properties;
these determine their entry into the body and retention
in various organs. The duration of radiation depends also
on physical half-li fe and in some instances on complicated
decay chains causing a shift of the emitter from one place
to another as the isotope undergoes transmutation.

329. The nature of the emitted radiations may deter
mine the range of exposure and hence the pattern of
injury e.g., an energetic a-ray will penetrate no further
than 0.07 mm. in tissue; f3-rays deposit their energy
largely locally; y-ray energy will be absorbed in larger
volumes or an appreciable portion of the energy will
escape the body altogether.

330. The degree of damage depends to some extent
on the concentration of ions along the path of ionization.
For an equal energy, this is greatest with the shortest
range emissions i.e., a-rays. For most types of response
the effects are greater where ionization is dense.

331. In recent years, attention has centred on the
long-term hazards of radio-nuclides of long half-life,
e.g., Sr"90 and Cs137. But, intermediate and short-lived
isotopes may be important, depending on circumstances.
Possible accidental discharge of radio-active material
from reactors, as nuclear detonations, may contaminate
local areas with various fission and activation products.
Even in global fall-out from the thermo-nuc1ear tests,
fission products of intermediate half-life are a source of
y-radiation which, for a few months after detonation at
high altitudes, has exceeded that from CS'157.-480 Among
the short-lived isotopes the most interesting, especially
in nuclear accidents is 1181. "

332. The important isotopes of intermediate half
lif e include Ba HOJ Ru 108J Ru 106, Co60, Ce14\ Ce14-4,

Y91, Zr9~, and Sr80. Some are so poorly absorbed that for
practical purposes they may be considered as external
y-ray sources; Ba HO and Sr80are absorbed and must be
considered with Sr 99 as contributing dose to the ske1e
ton.-481

333. In past weapon tests, studies of fall-out patterns
have shown that the geographical distribution of isotopes
depends on many factors, including the altitude of ex
plosion and the nature and amount of surrounding ma
terial. Particle size and their solubility vary with distance
as with other factors.v" Any nuclear accident is likely to
produce a unique pattern of variables, e.g., due to the
features of the accidental discharge from the Windscale
reactor in Great Britain the contaminating fission mix
ture had a lower content of radio-strontium relative to
radio-iodine than might have been anticipated.

SPECIAL PROBLEMS ASSOCIATED

WITH INTERNAL EMITTERS

Localization of radiation

334. Theoretical and experimental considerations
suggest that the effects in tissues from uniformly applied
radiation may differ from the effects of radio-active
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particles aggregated into a "point source".488 In the latter,
dose-rates close to the point source differ from those near
the end of the range of the particles. Dose-rate near the
origin is extremely high; these high rates may be im
portant, if the relationship between injury ~nd dose-rate
is non-linear. Dose-rates are unimportant If the effects
of radiation are related to dose in a linear non-threshold
way. Then, the effect may reflect a single-event .so tl~at

only total dose is important; dose-rate and spatial dis
tribution are inconsequential. When the radio-element
is diffusely deposited, the probability of the distribution
of injury is the same for all cells in the tissue, whereas
in discrete deposition, the probability of injury of cells
close to the aggregate is increased but that of injury to
the cells far away is reduced.

335. If the relation between dose and degree or prob
ability of injury is not linear then spatial distribution
is important. Also, different biological effects may show
different relationships with dose. Present data are not
adequate to define differences in hazard between focal
and diffuse radiation.

Concept of RBE

336. Even with uniform irradiation the concept of
RBE is by no means simple, as is discussed in other
parts of the report, since the relative effectiveness of
radiations of different quality may depened on many
factors other than LET, including dose, dose-rate, bio
logical end-point, and other factors. With many internal
emitters and particularly with the bone-seeking isotopes,
there is the additional problem of a very non-uniform
distribution of radiation dose, which introduces further
severe problems into the use of RBE factors, which have
not yet been solved.

337. Because of the many difficulties, the concept of
RBE can be applied only in a very general way, espe
cially to internal emitters, and care must be taken when
using it to establish standards of radiation safety for
various types of ionizing radiations. In particular, it
must be emphasized that an RBE established for one
biological effect is not necessarily valid for another.

M odes of entry of radio-isotopes into animals and man

338. Among the fission products only few are of sig
nificance with regard to internal contamination. The up
take and metabolism in the organism depends on the
nature of the materials and their chemical and physical
properties. The routes of environmental contamination
into the body are ingestion, inhalation, and skin ab
sorption.

Ingestion

339. Gastro-intestinal absorption is the most impor
tant route of uptake of SrDO and CS1 31 from nuclear
weapons tests. The levels of these isotopes in animals and
man correlate with their levels in the diet; they are
readily absorbed.

340. Ingestion is an important mode of entry only for
soluble isotopes. The solubility of interest is solubility
in body fluids rather than solubility in water. Many solu
ble compounds may be converted to relatively insoluble
hydroxides at the pH of body fluids. Also, relatively
insoluble compounds may be converted to soluble corn
pounds in body fluids. Only those having intermediate
or long half-lives can be absorbed by man in proportion
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...
to fall-out levels except where rainwater is used for
drinking and cooking because of the relatively long times
in the ecological pathway.

341. Another factor is whether the isotope is a radio
nuclide of an element required by the body or of One
chemically similar to a required element. The actinide
and lanthanide rare earth series of elements have no
chemically similar counterparts among required body
constituents and are usually poorly absorbed by plants
and animals. For these radio-nuclides, inhalation may
be relatively more important than ingestion.

342. Although some generalizations are possible from
the similarities of elements with families of the peri
odic table and from similarities to required body Con
stituents, each radio-nuclide has its own metabolic prop
erties. There is a continuing need, therefore, for data on
gastro-intestinal absorption of all radio-nuclides that are
potential contaminants of the environment.

Inhalation
343. In industry, inhalation has been found to be the

most important route of entry of potentially hazardous
materials. Inhalation of radio-active isotopes creates
three potential hazards: absorption into the systemic
circulation and subsequent deposition in a critical tissue
or organ; irradiation of the lungs themselves from mate
rials deposited on respiratory surfaces and picked up by
bronchial lymph nodes; ingestion. Inhalation i.s genera}ly
the most important route of entry of short-lived radio
nuclides and of insoluble radio-active materials.

(a) Size of inhaled particles484

344. The relationship between size of radio-active
particles and their deposition in the respiratory tract is
complex, since retention and movement vary with par
ticle size. In general, very small particles may be de
posited throughout, freely entering the lower portions
of the lung. As particle size increases, deposition
throughout the respiratory tract decreases, and reaches a
minimum at a particle size of --,0.4 J.L. With further in
creasing particle size, up to --' 10 J.L, the fraction depos
ited in the total respiratory tract increases. Particles
> 10 J.L will not penetrate the passages to the alveoli, and
are deposited mainly in the upper respiratory tract,
where there is rapid clearance. As particle size increases
further, the point of deposition is further up the respi
ratory tract, until the probability of inhalation of large I

particles becomes low because of the filtering action in
the nostrils.

(b) Radio-activity of inhaled particles
345. Suspended radio-active materials may be very

heterogeneous in particle size and in other physical and
chemical properties. Compounds of several radio
elements can be attached to a particle 0 f inert material,
or a single radio-active compound can be the entire
particle. Usually radio-nuclides become associated with
inert materials during information or after subsequent
agglomeration.

(c) Solubility of inhaled particles
346. Once a radio-active substance is deposited in the

body, its fate-translocation and excretion-is partly de
termined by its solubility in body fluids. Solubility de
pends principally on chemical composition, but physical
properties such as size, shape, and surface area are also
important, especially of heterogenous particles in which
radio-active substances are adsorbed on the surfaces of
inert nuclei.



Skin absorption
347. Absorption of radio-isotopes through the skin

has not been sufficiently studied. The skin is not usually
considered an actively absorbing organ, especially for
inorganic substances. Animal experiments have been
limited becauseanatomical and physiological dissimilari
ties between human skin and that of the more common
laboratory animals lead to problems of interpretation.
The skin does not appear to be an important route of
entry of nuclides contaminating the general environ
ment. However, skin absorption of radio-active materials
should not be ignored, especially when large quantities
may come in contact with the skin surface in indus
trial accidents. A specific example is tritium as tritium
water (H8

20 ) . The amount of atmospheric tritium water
that exchanges with moisture on the skin surface and
enters the circulation is about equal to that entering via
inhalation of the same tritum-containing atmos
phere.485.486 Absorption of a few other radio-nuclides
through human skin has been studied.v" When the skin
is broken, e.g. in wounds, absorption of radio-nuclides
is greatly accelerated and increased.

EFFECTS OF RADIO-ISOTOPES AFTER ABSORPTION

348. The effects of radiation from materials within
the body are similar to those of external radiation.
Important differences arise because (a) radio-isotopes
are not distributed uniformly within the body; and
( b) they serve as more or less continuous sources of
radiation.

EARLY EFFECTS

349. In animal experiments, haematopoietic symptoms
of acute radiation disease appear 7-10 days after lethal
amounts of radio-isotopes given intravenously or par
enterally488,496 Sub-acute effects, frequently seen 1-5
rnonths later, may include haematopoietic symptoms as
well as malfunction of those organs within which the
radio-isotope is deposited most heavily, e.g., polonium
leads to kidney damage, plutonium and the rare earths
to liver damage, radio-iodine to thyroid damage, and
radio-strontium to bone damage. 489, 492 A recent paper on
the accidental exposure of 103 luminous-dial painters
to Sr9 0 gives data on its urinary excretion in man and
gives some information on possible early haematological
effects.v" A more complete account on urinary excretion
of Sr90 in man is given in a report on a case of accidental
inhalation.v'

350. It is unlikely that many human cases of acute or
sub-acute poisoning due to internal emitters will ever
occur. In nuclear war or a reactor accident, the chance of
serious damage from external radiation greatly over
shadows that from radio-nuclides which might enter the
body. On the other hand, the long-term effects of small
amounts might become a serious problem.

Late effects

351. Experience with the long-term effects of internal
emitters in man is essentially limited to radium, used
therapeutically and in the dial-painting industry, to
thorium used as a contrast medium for roentgenographic
diagnosis, and to elements in the decay chains of radium
and uranium to which miners have been exposed. Cancer
has appeared in these groups.495--499 More recently, radio
phosphorus, radio-iodine, and other new nuclides have
been used in treatment and diagnosis; scanty reports of
tumour induction require verification.
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Effects of internal emitters on the lttng, intlttding cancer
of the lung
352. In 1939, Rajewsky reported a technician in a

radium plant who died with pulmonary fibrosis similar
clinically and anatomically to that after external irradia
tion.50o The technician was twenty-four years old and
had worked three years in the plant. At death, his lungs
contained ,...- 6.2 X 10-2 j£C of radium which would
give a mean dose rate of ,...- 0.2 rad per week. Most ra
dium previously deposited had almost certainly been
cleared from the lung at the time of death; therefore
earlier dose rates must have been much higher. The lung
cancers in the miners of Joachimsthal and Schneeberg,
in Czechoslovakia, are familiar. The mines were first
opened in 1410 for copper and iron; in 1470 silver and
arsenic were discovered and mined, and later bismuth,
nickel and uranium. Other metals found were tin, zinc,
cobalt, manganese, magnesium and lead. At the begin
ning of the twentieth century, uranium was the principal
element mined for the dye industry. Three surveys were
made to establish the incidence and determine the cause
of cancer of the lung among the miners. ~Ol-~~e The con
centration of radon in the air of the minesi5OI , llos varied
considerably in different shafts (0.36 X 10-6-47 X
10-0 ) and averaged 2.9 X 10-6 j£c/cc.

353. Although the exact role of radium in the etiology
of the lung cancers is unknown, there seems little doubt
that their incidence among the Schneeberg and Joachims
thal miners is at least 50 per cent higher than that in the
general population. The cancers of the lung are morpho
logically similar to those in other groups of the popu
lation, with the possible exception of the absence of
adenocarcinoma. The average latent period for the in
duction of lung cancer in these miners was ,..... 17 years,
and calculations have suggested that assuming uniform
distribution the dose to the lung would have been
,...., 1,000 r during this time.506

Long-term effects of internal emitters i,z enonals
354. In animals, effects are generally measured in

terms of tumour induction and life shortening, Tumours
may appear in those tissues in which the isotope is
located and also in adjacent tissues within the range of
the radiation. Thus radio-strontium, which localizes in
bone, induces in mice osteosarcomas and rarely epider
moid carcinomas of the oral and nasal mucosa.v" In man
radium has caused, in addition to the usual sequela of
bone malignancy, epithelial tumours arising in the mas
toid cavity and the accessory nasal sinuses.i'" Other in
stances in which tumourgenesis is associated with the
direct action of ionizing radiation on tissues include tu
mours of the liver, gastro-intestinal tract, lungs and skin.
In the case of thorium, for example, hepatic carcinomas
and hemangio-endotheliosarcomas have been noted ab
normally often in patients given thorotrast intravenously
for angiography.?" The incidence of these tumours in
creases with the quantity of incorporated radio-isotope,
the dose up to a given point and may also depend on the
dose-rate within the critical organ.804

355. In other instances, however, irradiation by radio
isotopes may lead to abscopal (otber than local) effects.
Neoplasia of endocrine glands and of sex organs (typi
fied by the hypophysis and ovaries) are induced by vari
ous radio-isotopes irrespective of their organ distribu
tion. Their incidence is not clearly related to dose or
dose-rate, and may depend strongly upon. such fac
tors as strain and sex. Hormonal dysfunction induced
by radiation plays an important role in their etiology.80,,"



An intermediate position is occupied by mammary tu
mours and lymphomas, where the incidence is dependent
on dose, but which are unaffected by the pattern of iso
tope distribution. In mice, lymphocytic neoplasms may
arise where the primary target is bone, perhaps resulting
from the TBR occurring while the isotope is circu
lating.4n

Effects of internal emitters on the lwng in animals

356. More striking effects were seen after deposition
of radio-active gases and particles in the lungs, e.g. high
incidence of pulmonary tumours in mice inhaling ra
don. 508They were exposed continuously to ai r containing
radon at 1.2 X 10-6 }Lc/cc, and lived 161-453 days. Ten
or twelve animals had lung adenomas, and one an adeno
carcinoma arising in a small bronchus. There was one
adenoma in the controls. Tracheal administration of 50
mg of quartz and three-hour exposure to air containing
8 X 10-0 curies radon per litre retarded weight increase
and changed the peripheral blood composition.F" Radon
affected the silicotic process significantly inducing meta
plasia of bronchial and alveolar epithelia, and in some
cases, malignant tumours and bone tissue in the lung
parenchyma and in blood vessel walls. Proliferation of
bronchial epithelial cells along with atrophy and prolif
eration of the tubular epithelium of the kidney were seen
in mice five months after an eighteen-hour exposure to
2.4 X 10-4 curie of radon per litre of air.olo The carcino
genic action of radon is due to its distintegration prod
uctS. m ., 5 1 2 Pneumoconiosis does not play a decisive part
in the pathogenesis of lung tumours due to the effect of
radon. 513

357. Changes in pulmonary histology have been seen
after various a- and ft-emitting elements, Ru'lOO, Rh'lOO,
Sr90, Ce l 44, PU239, Pouo and CoGO, were given to rodents,
mostly by intratracheal injection.

358. Strontium-90 was given by transthoracic injec
tion of glass beacls514 and in one study RU106 was plated
on a platinum cylinder introduced into a bronchus.s-
In most studies, squamous metaplasia of the bronchial
epithelium was seen in many of the animals; fibrosis and
pneumonitis were common. Because of the high fre
quency of lung pathology in rodents, it is unsafe to
ascribe all changes to the radio-active elements. The
tumours thought to be bronchogenic were unencapsu
lated and invasive. In studies with implants many of the
tumours surrounded the implants.

359. Cember intra-tracheally injected up to 4.5 milli
curies of S35 as BaS04, in rats, and found no effects defi
nitely attributable to the radio-active particles. 510 In an
other study after 375 microcuries of BaS3 50 4 given
intra-tracheally to twenty-four rats once a week for ten
weeks, two of s5x~een rats surviving showed severe squa
mous metaplasia 1Il the lung, and two had bronchogenic
squamous cell carcinomas. The estimated average dose
to the lung during ten weeks was 12,000-20,000 rad.51'7

360. Cernber also reported bronchogenic squamous
cell carcinoma after pulmonary implantation of Sr90
glass beads.P" FOUl" squamous cell carcinomas, two
lymp~osarcomas,and one lymphoma were seen in rats
carry~ng the. Sr90 beads. ~ix tumours were intimately
associated With the beads. I'he total dose given the lung
ranged from 5 X 104 rad to > 2 X 105 rad.

361. Warren and Gates51.B induced epidermoid carci
noma of the bronchus in mice with Sr''" glass beads and
with C0 60 implants. For C060 the radiation doses were
high, up to 400,000 rad in 200 days, to the nearest viable

bronchial epithelium, or 12,000 rad to epithelium one cm,
f ro111 the source. They were unable to produce carcinoma
in mice at doses> 70,000 rad to bronchial epithelium,
For Sr90 the dose given bronchial epithelium to within
five mm from the source was 13,()(X) rad after 200 days,
Not all mice developed epidermoid carcinoma.

362. Other experiments with relatively insoluble par
ticles retained in the lung for long times have shown an
increase in malignant tumour incidence. Intratracheal
PU23902, 0.06 to 0.16 microcurie, caused fibrosis, sterile
pneumonitis, and benign papillary cystadenomas in 60·80
per cent of mice within 100 clays.'?" Similar results were
seen after intra-tracheal Ru l0002' Malignant lung tu
mours were seen in these mice. For various tumours a
dose has been calculated assuming uniform distribution
of radio-isotope in lung tissue and exponential loss from
hmg.520 The authors original estimate of dose to lung
was used where reported (table IX).~s~ The smallest
lung doses mean values associated wi th malignant tu
mours were 115 rad after 0.003 J1.C pumo:! and 300
rad after 0.15 I~C Ru 1oo0:.!.m However, the etiology of
these tumours is uncertain because autoradiograms failed
to show radio-activity in the area of the tumour.

363. In other studies, at least 2.000 rad was the estl
mated dose to lungs that developed tumours. The esti
mated dose is questionable in many cases because of the
non-uniformity of the distributed radio-active materials,
Autoradiograrns showed that inhaled particulates were
localized in discrete areas of the lung. :;Ha In these cases
dose to rnicrovolumes of tissue could be considerably
gre~ter than that estimated by assuming uni form distri
bution, Therefore, from the dose estimates given in
table IX one should not conclude that tile dose required
to induce lung cancer is neccssarilv as low as 2000 rad:
it ma~, inde~d, be mu~h greater,. Lt.lI1g carci:lOgenesi~
after inhalation of radio-active particles has not been
very common; only a few studies have been completed.
I.:isc0522 has described epidermoid carcinoma, adenocar
cmoma,. and. hernangio-endotheliorna in 50-100 per cent
of rats inhaling about 0.2 to 1 !LC PuO:! smoke. Recently,
Temple. et al.,5.23 in preliminary work, found a bronchio
lar carcinoma m a mouse killed 500 days after deposition
of 0.01 pc o~ PU23D02 by inhalation. In most reports
sUl1unanzedlr: table IX, the authors also found signifi·
cant metaplastic changes, some at doses lower than those
given in the ta~le. Otl~er effects causi ng' death of mice
were s~en after lIlhala!lOn of IIU~3D02' :;~I Ninety per cent
mortality occuI."red WIthin ten months after deposition
o.f.0.34p.c. No increased mortality occurred after depo
sition of smaller quantities, although some lung pa
thol~&,y was pr~sellt. Cernber reported no increase in non
~pecdic mortality after implantation of sufficient Sr"
111 glass beads to produce bronchogenic carcinoma."!

364. Although radi?-isotopes accumulate in pulmo
na~y or tracheobronchial lymph nodes, little is known of
their effects'.A tracheobronchial lymph node from a dog
two years alter 20 f~C of intratracheal PtI2J~On showed
characteristic radiation damage. The nrchitecture of the
node was clestro~ed.and there was only limited regenera
tlOr; of lymphatic tissue. Ir: other ring::>, possible histo
logic changes were seen WIthin a year a Iter inhalation
of 2 p.c P1I23n02.520 -

Effects of internal emitters 011 bonc'<"

(a) Histological damage ill bonc
365: Whatever the source of radiation external or

fr01~l 1l1ter!1ally deposited isotopes, the ger;cral patterns
of histological change are remarkably siini la r in different
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species. Histological damage includes: (i) empty lacu
nae, (ii) vessel injury, (iii) irregular abnormal new
bone, and (iv) varying degrees of fibrosis; in addition,
in rats and mice where endochondral ossification con
tinues in adult animals and in young rabbits there may
be (v) unresorbed cartilage, (vi) abnormalities of car
tilage in the epiphyseal plate, and (vii) severing of old
and abnormal resorption of new spongiosa.

• 366. Bone damage takes two forms. First, bone may
be injured probably by indirect destruction through vas
cular injury and by direct action on the osteocytes. The
presence of osteotropic isotopes especially Sr90 during a
chronic phase of injury (after 180-200 days and later)
induces a sharp deterioration in the blood supply, as a
result of the emptying of considerable sections of the
vascular bed of blood forming and bone tissues with the
disruption of vascular innervation.P": ~28 The damage to
osteocytes and vessels can be seen within a few days in
animals given a large short-term radiation; but it is best
seen as a late change in bones of patients with radium
poisoning, as well as in experimental animals. Secondly,
radiation having damaged osteoblasts and osteoclasts,
can initiate abnormal activity in osteogenic connective
tissue. Short-range a-emitters, radium, mesothorium,
radio-thorium and plutonium affect the osteogenic con
nective tissue lining endosteal surfaces and resorption
cavities of bone trabeculae, inducing marked terminal
fibrosis, especially when the dose injected is high. The
longer-range ,a-emitters, Sruo and PS2, and external irra
diation affect loose connective tissue in the bone marrow
spaces between bony trabeculae as well as on the surface
of the trabeculae. They induce variable degrees of active
cellular fibrosis often characterized by proliferation of
pleomorphic spindle cells with conspicuous numbers of
mitotic figures and abnormal giant cells.

367. At higher dose levels most changes are seen in
different species. Their severity decreases considerably
with time, especially with an isotope of relatively short
half-life, e.g., PS2, where irradiation is short compared
with that of longer-lived isotopes. With decrease in dose
or end of radiation, these changes become less severe,
and at sufficiently low doses, the initial damage is re
paired so that no histological evidence of damage re
mains; bone has a considerable capacity for repair.

(b) Histogenesis of bone tumours

368. Gross damage causing dead bone and repair may
occur without malignant change. Tumours do not neces
sarily arise at the site of maximum damage. In fact, it is
possible that, in very heavily irradiated bone, the tumour
incidence decreases, since the capacity of the tissue to
proliferate will be greatly influenced. There is no obvious
correlation between incidence of sarcoma and degree of
radiation damage. Thus external irradiation of the knee
joint and adjacent ends of the femur and tibia of rats
damages and induces tumours in the epiphysis and meta
physis of both long bones; but not in the patella, where
energy absorption is lower. In the long bones of rats
given pa2 and of rabbits given Sruo, the earliest micro
scopic tumours appear as small foci of proliferating cells
amongst spindle cells of osteogenic connective tissue
that show fibrosis in rats. In rabbits fibrosis is less evi
dent. This does not mean that the tumour arises from
cells responsible for fibrosis-only that it arises in the
same region of bone. To have a reasonable chance of
seeing microscopic tumours when animals are killed, one
must use a radiation dose large enough to give high
tumour incidence. The types of cells giving rise to tu-
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mours cannot be defined morphologically because of the
extremely abnormal environment in damaged tissue. The
histological characteristics of tumours seen in various
species show that the cells at risk are the "osteogenic"
connective tissue cells. There is no precise evidence as to
whether all these cells are equally susceptible to irra
diation, though it appears unlikely that the osteocyte is.
The cell may be an undifferentiated "reticulum cell";
if so, it is surprising that there is no evidence of myeloid
leukaemia unless there are at least two different types of
undifferentiated "reticulum cell". The increased leukae
mia in mice after Sr'" was always lymphatic.

369. The sequence of bone tissue changes in rats from
the moment of introduction of the radio-isotope (SrUO,

Sr89
, Ce144

) to the appearance of the primary tumour
nodule, postulated by Kraevsky and Litvinovv- is:

(i) 1st to 20th day: initial unspecific response of the
bone in the form of development of endosteal tissue and
intensified remodelling of bone;

(ii) 20th to 80th day: inhibition of bone modelling.
Slowing down of osteogenesis. Abrupt dystrophic
changes in the osteogenic tissue. Reduction in the num
ber of osteoblasts and vessels. Coarsening of the basic
material. Onset of atypical bone formation-the back
ground for subsequent tissue malignancy;

(iii) 80th to 120th day (first pre-tumour phase) : on
set of redundant and degenerate bone formation.
Intensified formation of pathological bone structure in
a radically changed environment;

(iv) 120th to 150th day (second pre-tumour phase):
growth of polymorphous osteogenic tissue among patho
logical bone structures. Appearance of accumulation of
atypical, free, intensively-dividing, osteogenic cells;

(v) 150th to 180th day (third pre-tumour phase):
proliferation of atypical osteogenic and immature bone
tissue;

(vi) 180th day and later: tumour-appearance of pri
mary tumour nodules and their subsequent growth.

370. Whether antecedent histological bone damage is
always found in a bone having a radiation-induced
tumour must be left undecided at present.

(c) Relationship between the pattern of radiation
dose in space and time, histological bone damage,
and bone tumour induction

371. The radiation dose, i.e., the absorbed energy ex
pressed in rad, is important in relation to histological
damage. Some investigators have considered only the
dose given or retained in ftC without attempting to cal
culate rad, since there are many difficulties in calculating
a meaningful dose in rad. Calculations in rad should be
encouraged since it is only in this way that a quantitative
relationship between radiation and biological effect can
be obtained. The relationship between dose, dose-rate
and the formation of bone tumours has been studied in
experiments with Sr90, Ce144, Pu 229, Pm147, y91, 8~,.ll2U,e80
Within certain limits the incidence of osteosarcomas in
creases with dose and dose-rate.

372. Most difficulty in interpreting the response of
bone to bone-seeking isotope arises from the considerable
spatial and temporal non-uniformity of dose, and from
the changing spatial relationship between cells and radia
tion source, especially in young growing animals. The
difficulty is knowing which of the many variables pre
dominates in inducing histological changes. Two vari
ables are: (i) accumulated dose and (ii) dose-rate to the
site. The incidence of osteosarcomas increases with dose



and dose-rate. Accumulated dose and dose-rate are ~llter
related: a great problem with accumulated dose IS the
time over which it should be integrated. The dose accu
mulated up to the time .of.tum~ur ir;duction is useful,
but a proportion of radiation given 1U the later stages
may be "wasted" for tumour induction. Attempts have
been made to relate accumulated dose and dose-rate to
damage and tumour production in stud~es in space ~nd
time with Sr90 and p32 in rats and rabbits. Information
on dose and bone damage with other isotopes is far less
detailed.

(d) Accumulated radiation dose to the site

373. With isotopes that emit long-range fJ-rays, e.g.,
Sr90 Y90 and pS2 maximum dose-rates in different parts
of the skeleton ~f rats and rabbits varies considerably
from one bone to another, mainly because of variation in
bone size. In a small bone, contribution to dose:rate from
cross-fire in neighbouring deposits is less than m a larger
bone. This causes variation in the maximum accumulated
dose in different bones.. When maximum accumulated
dose is compared with distribution of osteogenic sar
comas in the skeleton with Sr90, sites of maximum accu
mulated dose correlate with sites of osteogenic sarcomas.
However, other factors must also be important: sites of
maximum accumulated dose (usually the ends of t~e

long bones in young animals) are also the areas of maxi
mum growth and therefore of actively pr~1ifer~ting
tissues; they are also the largest volume of Irradiated
bone.

374. Where damage was compared with dose-rate in
time and accumulated dose in the upper half of the tibia
of young rabbits, given Sr90 (i) as a single intravenous
injection or (ii) as daily pellets by mouth, the bone vol
ume given maximum dose-rate and accumulated dose
correlated with the sites of tumour origin. In animals
given a single injection, maximum dose-rate and accu
mulated dose and site of tumour origin were confined to
a small length, ,....J 5 or 6 mrn., of bone. In fed animals,
maximum dose-rate and accumulated dose were along a
3-cm length of bone along which abnormal bone tissue
appearing to be the tumour origin was wide-spread.

375. The injection of pS2 at different time intervals
(fractionated doses) shows that the rate at which tu
mours appear can be altered for a given total injected
dose. The maximum accumulated dose was approxi
mately the same in groups of rats injected at different
intervals i this indicates that factors other than maximum
accumulated dose also influence the induction of bone
tumours.

376. From a comparison of the dosages in mice given
Ca"H and Sr90 causing the same incidence of bone tu
mours, the conclusion was that cells on the surface of
the bone and bone trabecules (osteoblasts and connective
tissue cells) were the cells at risk and not osteocytes.
This conclusion is not necessarily unique. In this com
parison, two difficulties are: (i) at the dose levels com
pared there were fewer tumours in long bones with Ca4~

than with Sr90
; and (ii) dosimetry of Ca4~ is subject to

error. These data suggest that after Ca45 and Ram "hot
spots" might soon become buried in bone and hence
unimportant in giving significant radiation to bone sur
faces. The "diffuse component" with these isotopes, may
be the more important in giving the effective dose.

377. Several workers have reported complete histo
logical recovery in bones of young animals of all species
with maximum accumulated dose (to time of sacrifice)
2,000 rad, However, since this dose still induces a sig-

""

nificant incidence of tumours, a more detailed histo
logical search or a new indicator might reveal persisting
damage. Pre-tumour proliferations of immature osteo
genic tissue can be resorbed if the dose-rate (Sr89

, ytl),
is reduced, thus demonstrating that repair of "carcino
genic" injuries is possible.v?

(e) Radiation dose-rate to the site
378. A range of dose-rates from 50 rad/rnin, for

X-rays, 0.2 rad/rnin. for pS2 and q.05 radyrnin. for SrlD

induced similar tumour incidence, I.e.,30-60 per cent for
maximum accumulated doses of 3,000-8,000 rad. In a I

small group of rabbits a maximum dose of .,....J .20,00)
rad over 6-8 months gave 100 per cent tumour incidence,
Over this relatively high range, the dose-rate may not be
important in carcinogenesis.

379. At the relatively high radiation dose levels maxi
mum accumulated radiation dose correlates with bone
damage and tumour incidence with Sr90 in rabbits; this
relationship is less cl.ear with p82 in ra.ts. Data are ~(I!

yet available from which to plot the relationship of radia
tion dose to damage with short-range f3-emitters or
a-emitters. .

380. Many other variables, such as volume and ox}ogen r

supply of tissue, proliferative activity, and irradiated
movementof cells at risk must be important in determin·
ing the effect of dose-rate and accumulated dose; their.
relative importance is unknown.

Dose and dose-rate in carcinogenesis by internal emittm

381. The relationship between tumour induction an,j
absorbed dose of radiation is obscured by a series of
problems. The basic difficulty is that internal irradiation,
unlike external irradiation, continues indefinitely, but at
an ever-changing intensity. Consequently, questions sum
as the relative importance of dose-rate and total dose in
time and space are difficult to attack experimentally.

382. Several lines of evidence indicate that dose-rate
is a major factor in the induction of osteosarcomas bJ
bone-localizing isotopes. In mice, tumour incidence has
increased as the second or third power of the dose ex
pressed in terms of amount of radio-activity given, and
tumour incidence has varied with the time pattern c,l
administration.

Internal emitters and leukaemia

383. An increased incidence of leukaemia after in
ternal emitters have been seen in mice but it is over
shadowed by far greater induction of bone tumours/"
An increased incidence of leukaemia induced by ineor
porated isotopes was obtained in rats with Sr90, Ceriue
144, Niobium-95, Caesium-137 and other isotopes all"J
in dogs with SrIl0.532, 588 The disease has been reported
in radium patients, but only in those exposed occu~·
tionally also to much external y-irradiation.5u In studie
of tumour induction by radium in dogs, no leukaemia; r

or allied conditions have been seen under conditions that
induce a high incidence of bone sarcoma. &85

Internal emitters and life-shortening

384. Reduction in life expectancy is an important con
sequence of radiation from internal emitters; this re
sponsehas been seen in mice irradiated at low levels tbal
failed to show an increased incidence of neoplasms.
At such levels of radiation it has not been possible la
attribute reduction in life Span to any specific degenera
tive or infectious disease. The animals die with the same
pathologicalconditions seen in control populations.
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METABOLIC CHARACTERISTICS OF PARTICULAR
ISOTOPESH 9

Alkaline earths (calcium) strontium, barium} radium)

385. These nuclides are metabolized qualitatively like
calcium: they are rapidly and almost exclusively de
posited in the skeleton, where they are retained very
tenaciously. Unless the physical half-life of the isotope
is short, the significant residence time of these bone
seeking radio-elements may cover the life span of man.
Like calcium, they are readily absorbed from the intes
tine, provided they are in soluble form.

Radium-226

386. Radium-226 is of special significance since its
toxicity in man is well established. It has, therefore,
been used for estimating the potential toxicity of other
bone-seeking radio-elements. The value for maximum
permissible burden was established without reference to
the time of exposure. The symptoms of radium poison
ing and body burdens alluded to earlier were found in
people .-> 20-30 years after their exposure to radium.
During the early part of the post-exposure period, the
amount of radium in the body was certainly considerably
higher than that finally measured. The best estimates are
that an individual retaining 0.1 fAg Ra 22G 30 years after a
single exposure must have initially absorbed about
10 p.g.58B

387. Many dial painters, who provided much of the
information on Ra 220 toxicity, were also exposed to other
emitting elements, specifically Ra 228 and Th2 2 8

• Thus
they received a much greater radiation dose than is esti
mated from Ra220 burdens alone. Such a single exposure,
Jr exposures of reasonably short duration, produce heter
ogeneous deposition patterns in bone. Continued ex
aosure, as shown for Sr60, causes a much more uniform
oattern. This further complicates definition of the effec
ive dose. There has been no work showing how the
~ffects of Ra 226 in the adult may differ in children.

~trontittm-90

388. The general qualitative similarities in the dis
ribution and metabolism of the alkaline earths have been
hown from single-dose studies after strontium, radium
nd calcium in several species, although their rates of
ransfer are not identical. Thus knowledge of the metab
lism of the other alkaline earths assists in understanding
le fate of Sr90 in the human body. This information,
ombined with tracer experiments with strontium and
:udies of stable strontium, enables reliable estimates to
e made of the body burden after a given intake of Sr 9 0

,

ut some uncertainties remain in estimates made on new
orri and young children.

389. Sr90 is found universally in the biosphere, and its
rimary source in man is from calcium-rich foods, espe
ally milk. It follows calcium qualitatively in the bio
lhere and its absorption into plants varies somewhat
ith availability of calcium. This may be partly true also
animal uptake of Sr6 0 ; however, there is evidence that
e absorption of Sr9 0 from the intestine proceeds inde
:ndently of calcium to some extent. Growing animals
tain Sroo more efficiently than adults, reflecting the
ore active calcium deposition in young animals. ~81

390. The metabolic patterns of the alkaline earths dif
r quantitatively, e.g., preferential absorption of cal
im over strontium from the gastro-intestinal tract and
eater renal excretion of strontium.
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391. Recent work with Sr!5 retention in normal adults
shows results similar to those in animals.s" The reten
tion of the alkaline earths, including Sroo, can be de
scribed by a power function of the form

R t = At-b

where R, is retention at time t, in days after injection,
A is equal to R, at one day, and b is the slope of the log
log line. The slope, b, for strontium in man is about half
that estimated for Ra 22 6 in man, i.e., the rate of excre
tion of Sr9 0 at time t is considerably less than that rate
of excretion of Ra22G at the same time after exposure.
However, experiments with rats and dogs indicated
qualitatively the opposite; this further complicates direct
comparisons between Ra 2 26 and Sr~o.

Lanthanide and actinide rare earths (including yttrium)
392. The lanthanide rare earths are produced in high

yields in fission reactions: the parent materials in such
reactions are members of the actinide rare earth series.
These elements behave similarly in their chemical and
biochemical reactions. However. differences in chemical
behaviour within these groups (particularly the lantha
nides) are reflected in changes in their biological
behaviour. ~S9

393. Members of both classes are distributed oyer the
earth from nuclear devices; they have not as yet been
identified in appreciable quantity in mammals and man.
This is undoubtedly because of their extremely low solu
bility and correspondingly low absorption from the in
testine. In animals, less than 0.01 per cent of an ingested
dose is absorbed. Very young animals may be exceptional
since suckling mice absorbed 2-3 per cent of plutonium
given orally in milk or as citrate.~40 Distribution studies
suggest concentration of plutonium in bone, liver and
ovary. In the latter organ, auto-radiography has shown a
selective uptake in certain follicles.H1

394. These materials, put directly into the blood
stream, behave like colloids and are rapidly taken up in
the reticulo-endothelial system and in the more super
ficial parts of the skeleton. In the skeleton retention is
very tenacious, but movement from the reticula-endo
thelial system is appreciable over a few months,l54~

395. Locally injected solutions of the uncomplexed
ions tend to remain at the site of injection. The corn
plexed ions are removed from the site fairly rapidly and
follow the pattern of the intravenously injected material.

396. Attempts to damage the intestinal mucosa by re
peated high doses of the rare earths (yttrium and plu
tonium) have shown that the susceptibility of rats to
such an exposure is low. Considerable energy is absorbed
within the contents of the large intestine, while passage
through the small intestine is quite rapid.

Caesium-137

397. Caesium-137 is present in the biosphere. Early
spectrographic studies failed to detect radio-caesium in
any animal. More recently, it has been found in mamma
lian and other vertebrate species. In man, the concentra
tion of stable caesium is about 1 X 10-1 0 gig wet tissue.
CS187 from nuclear debris has now been measured in
food and man. m

398. The amount of CS13 7 in the body reflects the
quantity of isotope in the diet in turn affected by the de
gree of radio-active contamination. As a result of the
relatively short residence time of CSU7 in man (the bio-



logical half-time is about 140 days) ~44 attention is being
focused on this isotope as a means of studying fall-out
rates and mechanisms.

399. The major portion of the CS187. burden of ~he
United States population is probably derived f:om milk,
and meat products are the second most Important
source.!" The 1959 mean CS1 &7burden of a United Sta!es
resident is estimated at 0.01 f.LC.~46 This burden contnb
utes a dose of ,-J 1 mrt/yr., i.e., ,-J 2 per cent of natural
radiation background.

400. Because of the chemical similarity of caesium,
potassium .and rubi~ium, their me!aboli?m is similar.
Caesium, like potassium, occurs chiefly intracellularly,
with low concentrations in body fluids and bone. Tissue
distribution studies have shown that muscle mass con
tains the largest part (perhaps 60 per cent) of Body
caesium with visceral organs, brain, blood, bones and
teeth f~llowing in that order.!" Radio-autographic
studies in mice have confirmed the high accumulation in
muscles and also indicated a rapid and high uptake of
Cs1n7 in cartilage.?"

401. Caesium salts are quite soluble, and are quickly
and completely absorbed, more or less independently of
route of administration. The ion is excreted through the
kidney, except in ruminants where a consider~bl~ por
tion is excreted by way of the gut. Tracer studies m the
cow show that about 13 per cent of a single dose will
find its way into the milk within 30 days.Ha

Iodine-131

402. PS! is produced abundantly in fission and being
volatile is readily liberated. Therefore, under special
conditions, PSl may constitute a problem. Whenever
such a situation arises, the concentration of iodine in the
small volume of the thyroid gland is the primary hazard.

403. The Windscale reactor incident in England in
1957550is an example of this. An accident during reactor
operation released fission products from the reactor
stack. The fission products escaping through the filters
were predominantly I 1S1. Significant downwind contami
nation covered an area of 518 square kilometres. The
only major vector for human intake of pBl was milk.
The adult thyroid tolerates at least 4,000 rad with no
demonstrable ill effects. However, evidence from young
children given 200 r of X-rays to the neck suggests that
this dose may produce carcinoma of the thyroid in ,-J 3
per cent.4~0 This comparison of the carcinogenic effects
at high levels (thousands of rad) of irradiation with P&!
in the adult thyroid and effects of lower levels (hundreds
of rad) of external radiation with X-rays should not be
taken to mean that the child thyroid is more susceptible
than the adult to the carcinogenic effect of radiation.
Evidence of a carcinogenic effect of external X-irradia
tion on the adult thyroid is still most scanty, but very
limited data suggest that irradiation of the neck of young
adults treated for tuberculous adenitis has induced thy
roid cancer.~n Moreover, the very low incidence of
thyroid carcinoma in patients with hyperthyroidism ~~2

and the well-documented experimental evidence that
carcinogenic dose response curves eventually reach a
maximum and decline at high levels with many types of
neoplasm, and particularly in the induction of thyroid
tumours by 11S1 in rats, (figure 10) ,66& presumably due to
complete thyroid destruction at higher dose levels, casts
considerable doubt on the significance of the apparent
resistance of the adult, and usually hyperthyroid thyroid,

to the carcinogenic effect of large doses of PSl. In the
child's thyroid weighing ,-J 5~, 1 f.Lc ?f P&l per gramme
of thyroid was estimated to yield an integrated dose of
about 130 rad. After the Windscale incident, milk sam
ples from nearby farms contained mor~ than l uc/Iitre,
To limit radiation to the thyroids of children to 20 rad,
it was necessary to prohibit consumptiop of n;ilk con
taining more than 0.1 }.LC of P&l/l of milk, This meant
discarding much milk for six weeks.
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Figure 10. Incidenceof thyroid tumours in male Long-Evans rats
given injections of various doses of P&l 179,780

o Follicular adenomao Alveolar carcinoma
t::.. Papillary and follicular carcinoma

404. Two problems in radio-isotope metabolism are of
special concern: (a) estimation of body content from
excretion data; (b) acceleration of excretion of a de
posited radio-isotope by therapeutic measures. Where
total body counting methods are inapplicable, due to the
radiation characteristics of the isotope, measurement of
radio-isotope levels in excreta offers the only method for
estimating body content. The relationship between body
content and excreta levels as a function of time after
exposure and route of exposure is therefore an important
study in large animals and in man after exposures giving
rise to detectable radio-isotope excretion. Efforts to pro
mote the excretion of deposited radio-isotopes are dis
cussed in paragraph 525 below.

VII. Dose-effect relationships

EARLY EFFECTS

Immediate

405. At very high doses, usually> 10,000 r, mammals
die in minutes or hours probably due to brain injury.
Typical central nervous symptoms develop soon after
irradiation (acute ataxic phase), similar to irradiation
of the head only.02 An experimental exponential relation
ship has been established for mice6 4 between dose and
survival time: log (median survival time, hrs) = a - b
dose (figure 11).

Early death

406. Between 1,200-10,000 r, the survival time of
animals is ,-J 2-6 days, Death is caused by "intestinal
syndrome". No dependence of survival time on dose
within this range was found (according to CronkiteS75

the rang~ is ev~n .broader! up to 30,000 r ), but this Il!ay
be fortuitous: ll1Jury to intestines might be decreasing
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Figlwe 11. Relationship between high dose and survival time in
irradiated mice'"

Body weight loss and organ atrophy

408. Irradiated animals lose body weight; this loss
is dose dependent, and represents atrophy of different
organs and a general deterioration of nutrition of many

tissues. Damaged metabolism and lowered food intake
contribute to weight loss.

409. Voluntary food and water intake by an irradiated
animal can be used for plotting dose-effect curves; no
doubt other indices would serve also.

410. Unfortunately assessment of atrophy has usually
been limited to weighing the organ. Some components
of tissues decline rapidly after radiation; biochemical
descriptions are lacking. In mouse spleen after TBR,
concomitant atrophy of some elements and hyperplasia
of others result in a complex dose relationship.f'"

External irradiation

411. Smith and Tyree550 irradiated rats with 250 kvp
X-rays and showed that three responses to radiation
increase with dose-weight loss, time required to regain
pre-irradiation weight and limitation of food and water
intake. The linear relationship was obtained (24 hours
after radiation) for percentage of weight lost or percen
tage of food intake against log of dose over 25-1,000 r,111
(figure 12) . Weight loss of rats increased linearly with
dose over 100-1,200 rad.5~6 When weight loss of irradi
ated rats was compared with that of starved and dehy
drated rats, no linear relationship was found within
50-1,400 rad for X-rays and thermal column radiation.P"

Internally-deposited radio-isotopes

412. Pregnant rats were injected with PS2 and em
bryos weighed days 6-10 after fertilization to measure
weight loss due to internally-deposited radio-isotopes.
Weight loss of 6-day-old embryos correlated linearly
with dose but was curvilinear for older embryos.s'"

Intestinal atrophy

413. The weight of intestines decreases sharply after
irradiation; correlation between dose and effect is linear.

414. The weight of intestines (expressed as percen
tage of control) of rats given 250 kvp X-rays and
thermal column irradiation depended linearly on dose

• 260~ X-rays

o FIssIon neutrons

X Thermal oolUlJlll radiatIon

•

BO
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100

with decreasing dose, and the effects of the "bone
marrow" or other injury might become more pronounced.
Autopsies of animals always show changes in many
organs.

407. From 1,000 r down to 50 per cent of the LD liO
dose survival time is increased. Death after weeks is due
to bone marrow injury accompanied by secondary infec
tion. Survival vs. dose follows the familiar sigmoid
curve, often seen with delayed toxicity. From such
curves, conveniently after probit transformation, the
mean lethal dose can be calculated. The mean lethal dose,
LD so for mammals, is ,-I 200-900 rad (table I).
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Figure 12. Relationship between body weight lost or decrease in food intake in rats plotted against dosellT
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differences.t" The dose-effect curve in mice indicated at
least two components; in hamsters and rats only one,
The first component was highly radio-sensitive; after
75 r, testes weight was v-: 75 per cent of control. The
over-all equation of the dose-effect curve, over 0-1,500 r,
was:

W = Ae-kaD + Be-kbD

in which W = weight, D = dose.

423. In mice irradiated with 250-kvp X-rays, Co"
y-rays, thermal-column neutron, and a-particles together
with Li 1 recoil nuclei dose dependence was entirely dif
ferent. The relationship was exponential, over 50-300
rad with 20 per cent weight loss at the lowest dose and
55 per cent at the highest. The computed equation was:
W = a-b log D. This discrepancy cannot be resolved at
present.

424. The exponential equation of Kohn and Kall
man5B2 suggests that a single event inactivates one bio
logical unit in testes; the effect appears independent of
dose-rate.

425. However, this interpretation is questionable in
the testis containing various cells, ranging from diploid
to haploid, with numerous intermediates. One type of
spermatogonia is extremely radio-sensitive; their num
ber is significantly reduced after 20 r. Testes atrophy is
due to loss of mature cellular components, along with
inhibition of differentiation of earlier stages,

so

Lymphatic tissue

426. Recently in rabbits given 35 r-1,OOO r with 220
kvp X-rays sensitivity of lymphatic tissue was measured
by the volume of the appendix in vivo and in vitro.on
The appendix volume decreased 55-75 per cent. The
percentage decrease of appendix vs. dose has two com
ponents; from 35-100 r linear and> 100 r exponential
(figure 13).

Dose, r

Figure 13. Decrease in volume of appendix irradiated in vivo in
rabbits plotted against dose ~58

Depression of mitotic activity

427. Suppression of mitotic activity is a prominent
effect of ionizing radiation.

428. With. isolated sin~le cells, e.g. grasshopper
neuroblast, mitosis and the mfluence of radiation may be
followed directly. Radiation given in late prophase
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over 100-400 rad.m The equation of the regression line
was; intestinal weight (per cent of control) = 102.1 
0.075 dose (rad).

415. The method, although simple and rapid, is not
convenient for studying dose-effect relationships because
the change is small: even at high dose (about 400 rad)
no more than 30 per cent weight reduction of intestines
was found. This is because the radio-sensitive component
of intestines the epithelium, forms only a part of the
total weight, 'the rest being radio-resistant muscle.

416. DNA content as an index for measuring radia
tion atrophy of intestines was recently suggested by Mole
and Temple!" but detailed studies have not yet been
published.

The atrophy of spleen and thym~,s

417. Thymus and spleen weight decrease in irradiated
animals. This effect has been used to correlate dose and
effect, and to estimate the RBE of various radiations.

Externol irradiation
418. Weight loss of spleen and thymus in mice ex

posed to various radiations was related linearly to the
log of dose. With 250 kvp X-rays, organ weight de
creased 10 per cent after SO rad; no experiments with
other radiations have been done at doses < 1()()...150
rad, at which a 20-30 per cent weight loss was found
with COllO r-radiation, 4MeV y-radiation, thermal, 14
MeV, and fission neutrons.P'"

Internally deposited radio-isotopes

419. The dependence of organ atrophy on dose from
internal sources of radiation suffers from uncertainties
in dose estimation and chemical toxicity. In mice given
tritium-water the rapid equilibration of water enables
dose to be calculated on the assumption of an even dis
tribution of tritium. The percentage reduction in spleen
and thymus weight was linear with log of dose over
150-600 rad; the corresponding weight loss was 30-70
per cent.

420. Correlation between organ atrophy and radiation
from internally deposited fission products (plutonium
plus products of neutron irradiation of plutonium de
posited in tissues) showed a linear relationship between
reduction of spleen weight and log of the concentration
of radio-active isotopes in tissue. The dose-range was
,....., 400-1,600 rad. The thymus did not incorporate any
isotope and could not be used as an index.

421. Thymus is useful for correlating dose and
atrophy because of its relatively simple cellular compo
sition. However, there are two competing processes in
thymus atrophy: (a) decrease of mass, predominating
in the lower-dose range, and (b) weight gain predomi
nating at higher doses especially> 1,000 r.550 Perhaps
measurement of ribonucleic acid (RNA) would be a
more useful index of radiation injury to thymus. Concen
tration of RNA ~60 (per wet weight of tissue) correlated
linearly with dose; RNA decreased 10-80 per cent within
100-600 r. Activity of nucleodepolimerases in thymus
was also dose-dependent, varying from 40-60 per cent
with 40-160 r. m

Testicular atrophy

422. Testes weight (expressed as log of percentage
control) of mice, rats and hamsters irradiated with 250
kvp X-rays varied with dose, but with important species
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fibroblasts: .-' 30 r reduced the mitotic index .--' 70 per
cent, and doses of 180 r decreased the mitotic index to
zero. Grasshopper neuroblast was still more sensitive;
the dose-effect curve was similar (figure 15).

.: ·432. Doses as low as 5 r of X-rays depressed by 50
per cent the mitotic activity of the adrenal glands,
jejunum, lymph node and epidermis of mice (figure
16).568 Log of dose vs. percentage reduction of mitosis
was approximately linear. Some curves showed a
threshold effect; others did not.

Dose. r

Figure 16. Relationship between dose and mitotic activity of the
adrenal glands, jejunum, lymph node and epidermis of
mice 568

433. Probably a more useful method of following
dose-effect relations is by measuring the time for the
mitotic index to return to normal. This method used to
study the mitotic index of mouse ear epidermis cells
irradiated with thermal neutron or X-rays over 5-55 rad
showed a linear relationship between log of duration of
depression of mitotic activity and dose.!"
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Figure 14. Relationship of dose to time of reappearance of
mitosis~66

shortly before dissolution of the nuclear membrane is
more efficient in inhibiting mitosis (in grasshopper
neuroblast) than if given later.M'

429. The numerous mitoses in irradiated animal
tissues make quantitative evaluation more difficult;
results depend not only upon irradiation but also upon
the stage of mitosis at the time of irradiation. The
general picture from many studies is that irradiation
decreases the number of prometaphases, metaphases,
anaphases and telophases. This is probably because
cells irradiated in one of these phases complete
mitosis regularly while cells in interphase are pre
vented from entering mitosis. The decrease in pro
metaphase-through-telophase cells correlates with dose.
If the dose is sufficient to reduce mitotic cells to zero,
the time of their reappearance also directly relates to
dose.m (figure 14).

Figure 15. Relationship between dose and percentage of normal
mitosis in chicken fibroblasts,666 cells of developing rat
retina,M1 and grasshopper's neuroblast

430. The effect of radiation upon mitotic activity of
animal somatic cells has been studied quantitatively on
chick fibroblasts, rat retina cells, grasshopper neuroblast
and epidermal and lymphatic cells of mice.

431. The doses of X-rays in chicken fibroblasts were
80-450 r; the smallest depression of mitotic index was
,-J 60 per cent.m The relationship between dose and
percentage of normal mitotic index was curvilinear, but
lack of data at lower doses precludes extrapolation of
the curve. A similar curve was obtained with rat retina
cells ;60' their radio-sensitivity was higher than chicken

Depression of iron uptake by erythrocytes and
erythocyte-forming tissues

434. The functional state of erythrocyte-forming
tissue is usually gauged from incorporation of Fe511 • More
extensive studies usually measure Fe 59 in erythrocytes
simultaneously with isotope content in isolated bone
marrow cells and various other tissue compartments,
e.g., spleen, liver and plasma. Irradiation depresses iron
incorporation.~69

Quantitative studies

435. Iron incorporation by bone-marrow of animals
(mice) irradiated with X-rays (250 kvp), y-rays
(4 MeV COSO), neutrons (14 MeV fission and thermal
column), and tritium f1 particles over 4O~300 rad 550 was
depressed 10-80 per cent. Correlation between dose and
effect followed the exponential equation; effect = a - b
log dose.

436. A different dose-effect was found in rats irradi
ated with CoGO gamma-rays and with thermal neutron
(with RBE equal about 1) over 40-500 rad (figure
17) :610 iron-uptake decreased steeply with increasing
dosage; it was significantly lowered at 60 rad and reached
about 30 per cent of control value at 150 rad j further
increase in dose had less effect on iron uptake. The two-
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Figure 17. Depression of Fe~g-uptake in bone-marrow of rats
irradiated with Co60 Y-rays and thermal neutrons no

component character of th~ curv~ correspo?ds probably
to two main systems of Iron incorporation m blood
marrow (a) in dividir;g and. differentiating..cells of
normoblast series, (b) In survlvmg! less sens!tive cells
(e.g. reticulocytes), and perhaps the iron-protein storage
complexes in bone-marrow.

437. A plot of log percentage iron uptake vs. dose over
40-150 rad gave a straight line. The graph shows that
doses below about 40 rad have very little if any influence
on iron uptake by bone-marrow. The equation derived is
log-effect = a - b dose (figure 18).

438. Results obtained by various authors disagree,
possibly due to differences in experimental methods.
Storer's and Rambach's studies show a threshold dose
for iron incorporation at 30-40 rad while others found
an impairment of bone-marrow erythropoietic function
at 5 rad. A still more pronounced difference is apparent
between dose-effect function of the two groups of in
vestigators: in Storer's results effect varies proportion
ately to log-dose; in Rambach's data, log of effect varied
with dose. Experimental differences were consider
able; the incorporation time for iron in one group
was 6 hours, in the other, 72 hours; the amount of radio
active iron given controls was five times larger in
Rambach's work than in Storer's.

439. The high sensitivity of erythropoietic tissue and
the ease and precision with which its functional status
can be followed make it one of the most suitable for work
on the sensitivity of mammalian cells. It is doubtful
whether single dose experiments will solve the problem,
as fast division leading to numerous cell types at each
moment in bone marrow implies a mixed population of
presumably different radio-sensitivities. Long-term ir
radiation, preferably at very low levels, might be more
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Figure 18. Effect of dose on Fe 69-uptake in bone-marrow of rat!
after 40-150 cad 670

useful in evaluating the effects of radi~tion on erythro
cyte-forming cells. Unfortunately no satisfactory experi
ments have been done. In some reported so far,long-term
irradiation has been given as repeated single irradiation
and this, obviously, might permit recovery be~~en

irradiations; also, the time between the last irradiation
and the assay of the iron uptake was in some experiments
10-11 days-ample to make injury negligible by repair.
Some injury persists as shown by experiments of Baum
and Alpen 671 who computed the exponential correlation
between number of exposures and decrease of Fe in
corporation into erythrocytes. In long-term exposure,
this irreversible or very slowly reversible injury might
accumulate and become a noticeable injury.

Suppression of imtnunological mechanism

440. TBR damages the immune response of the body:
production of antibodies is suppressed, susceptibility to
infection increased and transplanted heterologous tissues
survive in the host for a long time. Neither antibody
production nor susceptibility to infection is a convenient
index of the effect of radiation. However, the incidence
of successful tissue transplants has been used to study
the dose-effect relationships.

Leukaemia transplantation

441. The incidence of successful transplants of mouse
leukaemia into another strain increases with dose over
100-500 r. A straight line can be plotted of probit of per
centage of leukaemia vs. log of dose.

442. In mice irradiated with X-rays or neutrons 100
600 r or rep-log of dose was linearly related to percentage
of successful leukaemia transplants (after probit trans
formation).572 Different strains of mice showed marked
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Figure 19.Relationship of cataract incidence to dose given over
more than three weeks 4 6'
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Experimental studies

452. A number of experimental studies permit rough
estimation of the lowest dose for cataract formation.
Storer!" found that any doses of 250-kvp X-rays, 12.5 r
and up increased the incidence of cataract in mice (lower
doses were not tested) ; this agrees we11 with the in
creased incidence of lens opacities after 15 r of
X_rays.1'14, m The lowest dose for rabbits for hard
X-rays (1,200 kvp) was i-- 250 r.

RBE

453. Neutrons have a higher efficiency in inducing
cataract: their RBE for purposes of human protection
has generally been taken as 10 by ICRP CA). Some
earlier studies on neutron-induced cataracts employed
cyclotron-produced beams, i.e. neutrons together with
hard r-rays: Evans "! found that 80 rep of fast neutrons
produced lens opacity in 100 per cent of mice. Storer""
found the RBE of neutrons was 15 relative to 250 kvp
X-rays; 2.9 rep of fast neutrons produced lens opacities
in 50 per cent of exposed mice.

454. During Operation Greenhouse, mi.ce receiving
1-10 rep of fast neutrons (together with about 1 r of
hard gamma-rays) all showed cataracts. In rabbits,
Cogan et al. 570 estimated the threshold dose of 14 MeV
neutron for cataract induction to be ,..., 10 rep (RBE of
neutrons v-- 220).

20

one out of three patients given 600 r of 200-kvp X-rays
developed a cataract; with increased exposures the time
for appearance of opacity was shortened. A survey of
190 cases .of. radiation cataract and 73 cases of patients
given radiation to the head was made by Merriam and
Focht.4 64

. 451. The patients were grouped according to the
time-schedule of irradiation. For the cases given a single
dose, the minimum cataractogenic dose was 200 r for
the cases given doses spread over 3-12 weeks the ~ata
ractogenic dose was 400 r, while for those whose treat
ment spread over more than three months the dose was
550 r. The greater the dose the less the time for the ap
pearance of cataract. In figure 19, incidence of cataract
is shown as a function of dose among patients irradiated
with doses given over more than three weeks.

__________..t
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Methods
445. The degree of injury (Le. the degree of opacity)

is estimated by an ophthalmoscope or slit lamp; this
necessarily subjective method has a rather high threshold
of resolution. Comparison of the effect of radiation in
various animals is more difficult because of variation in
susceptibility among species and dependence on age.
Lastly, estimation of the dose to the lens has a large
margin of uncertainty, especially with neutron-irradia
tion.

446. Reduced glutathione decreases in an irradiated
lens, as does the activity of the enzymes of glutathione
metabolism.f'" Irradiation also decreases the weight and
RNA content of the lens, even when no opacity is seen.!"

Human studies
447. The lowest dose for lens opacities formation has

been estimated from experimental as well as human
accident studies. The slow formation of cataract makes
the outcome difficult to interpret.

448. Notwithstanding these reservations, a number of
estimati.ons of the critical dose for cataract formation
have been made. Among Japanese survivors up to 1950,
100 people with radiation cataract have been found
among those who received an estimated dose of 5-15 rep
in neutrons and about 600 r of y-rays.

449. In 10 cases of nuclear accidents, August 1945
September 1946, cataract formation was seen in only
one person who received whole body dose of 15 rep
neutrons and 26 r of ).-rays ; the calculated dose to the
eye was 45 rep. The critical dose for cataract formation
apears to be r-' 20-45 rep.

450. The data on radiation-induced cataract in man
are hard to analyse quantitatively. Dosage is often very
uncertain and the follow-up time of patients not long
enough. A report of Cogan and Dreislerv" shows that

LATE EFFECTS

Induction of lens opacity

443. Cataract formation is not understood; but
opacity of the lens is due to radiation damage of lens
epithelium that has a relatively high mitotic activity. The
mitotic index decreases to r-J 0 after r-J 1,500 r, followed
after a time (dose-dependent) by recovery with a
typical overshoot in mitotic index. Abnormal cells are
formed: some showing increased size, decreased trans
parency and multiple nuclei. Similar abnormal cells can
also be seen in many other tissues of high mitotic activity,
but they cannot be shed from the lens as they can from
bone-marrow. They remain inside the lens structure
(probably because of the restricting tough capsule sur
rounding the lens) and form centres of opacity. Recent
data indicate that slight recovery of the lens is possible. m

444. Cellular homogeneity along with inability to
slough the injured cells make the lens useful for studies
on dose-effect correlation, only limited by the methods
for assaying the injury and by difficulties in estimating
the dose.

differences. The mean dose producing SO per cent leu
kaemia deaths ranged from 327 + 20 r-470 + 41 r for
Xvrays, and from 258-363 rep for thermal column
irradiation. ~he sloI?e of the probit :percentage incidence
vs. log dose line varied 5-10 for various strains.
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therefore to short-lived animals. Exclusion of multiple
intercurr~nt factors, e.g. infections ~hich in .tong-term
experiments might affect any group IS essential, More.
over, for adequate study of the ca~se of death, lar~e
numbers of animals are needed, especially when the rnam
interest lies in a rare effect, e.g., as in studying the inci
dence of tumours. Strains with higher incidence of this
effect may be selected but this may restrict the validity
of the results. Usable results are therefore still rather
meagre.

457. The life of animals exposed to continuous irra
diation is usually shortened. Survival plotted against time
gives sigmoid curves; t!le median sl!rvival ti~ne i~ sho~t
ened with exposure. DIfferent strains of mice differ In
sensitivity to radiation as measured by LDflO's" and in
different li fe-span shortenings linearly related to their
life expectancy.v"

458. If shortening of life-span is plotted against dose
rates, the relationship is linear for y-rays and fast neu-
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Dose-effect correlation

455. Cataract formation is dose and dose-rate depen
dent: the RBE of different radiations is perhaps more
diverse than with other radiation injuries and does not
Permit setting ttp an equation for dose vs. effect. The

f . f t 580dose dependence of cataract orrnation or nett rons
and for )'_rays17 4 shows a clear correlation between dose,
energy of neutrons, and degree of opacity (figures
20-21). Constants cannot be derived.

Shortening of life-span

456. Continuous exposure to low doses of radiation
does not cause the dramatic effects seen at high doses.
The symptoms are not specific to radiation. The effects of
long-term exposure necessitate study of life-span and
comparison of causes of death ?etween exposed.and no~
exposed populations, Obse.rvattons ha~e to contm~e t;nttl
the death of irradi.ated subjects. Experiments are limited,
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observed statistically is not aging but mortality-e-some
thing related to it and which measures it. The analogy is
supported by the pathology of irradiated animals, show
ing histological damage resembling lesions of senescence.

464. Sacher2s1,m has stated that the physiological
state of an individual fluctuates around some central
value and any individual leaves the population when his
state reaches a limit called the lethal boundary. It is
assumed that such a limit is a fixed one, common to all
individuals of the population. The physiological state of
the individual decays with time, approaching asympto
tically the lethal boundary. From mathematical argument
Sacher asserted that log rate of mortality follows lin
early the mean physiological state of a homogeneous
population. If it is assumed that the physiological state
decays linearly with age, as seems the case for many
physiological characters, the force of mortality will also
be linearly related to age. This is indeed observed for
most animal populations. A corollary of Sacher's theory
is that impairment of the physiological state brings it
closer to the lethal boundary, so that the probability of
transgressing it through random fluctuations increases.
Irradiation would shift the physiological state so that the
force-of-mortality curve of the exposed population
would coincide with the curve for some later age.

465. Sacher's brinkmanship theory is closely related
to the information approach to lethality and radiation
damage. Although cloaked in different language and
using different mathematical conventions, this theory as
expounded by Quastler252 and by Y OCkey581 leads to a
parallel with Gompertz' law.

466. In their present state these theories are so all
inclusive that they are not concerned with the nature
of the radiation inj uries or with the recovery processes;
physiological state (or degree of orderliness according to
Yockey) is largely undefined, as is the death to which
the theories refer. Accidental deaths are not considered
by them; it is less clear whether the only relevant deaths
are not those ascribable to senility-the observed causes
of death are dependent on diagnostic accuracy. Radiation
studies have been confined mostly to recording the over
all mortality, thus lumping specific and "senile" causes
of death; but as the experiments are expanding, con
sideration of the causes of death becomes unavoidable.

467. Differences among strains disappear for males
when deaths from leukaemia are excluded. On the other
hand, when animals dying from leukaemia or females
carrying ovarian tumours are excluded, even differences
between sexes disappear.F" Larger numbers of animals
might well have brought out further differences ascriba
ble to the differential incidence of other conditions.
Something of the kind is seen in human populations
where Gompertz' law holds, but only approximately and
over a limited age range. However, on plotting the force
of mortality for individual causes against age, linearity
of most of the resulting graphs is striklingly improved
and can be carried down to a much earlier age.

468. Although nothing is known about the lesions
shorteni.ng life-span in multi-cellular organisms, knowl
edge that irradiation is powerfully mutagenic has incited
speculation about the role of somatic mutation.

469. Somatic mutation has been invoked by Szilard588
as the cause of aging. He thinks a cell dies when both
homologous genes of a pair responsible for an essential
cell function are impaired by mutation. Mutation can be
inherited, when it is called a fault, or be spontaneous, and
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Figure 22. Reduction of mean or median survival time in mice
exposed daily for the duration of life (solid symbols, X- and
'Y-rays; open symbols, fast neutrons). Redrawn from Upton558
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460. From these data, Blair formulated a theory on
the shortening of life-span by irradiation :251

(a) The total injury caused by radiation is propor-
tional to the dose i

(b) The injury is partly reparable;
(c) Recovery from reparable injury is exponential;
(d) Irreparable injury accumulates in proportion to

total dose i
( e) Reparable and irreparable injury are additive and

death occurs when their sum reaches a level inversely
related to the age of exposed animals.

461. Blair's theory has stimulated design of experi
ments and many results fit its predictions." Blair's postu
lates have been challenged. Radiation damage is made up
of many individual injuries.P'" mostly unidentified, and
the pattern varies from strain to strain.224 Accordingly
any simple recovery mechanism is over-simplification.
Recovery also differs according to kind and manner of
irradiation." That the lethal threshold is inversely re
lated to life expectancy is doubtful, since the LD 50 varies
with age but less simply than as proposed by Blair.5s4-586

462. Demographers have long known that the log of
age-specific death rate of a population ("the force of
mortality") plotted against age at death, is roughly
linear beyond early childhood. This relationship, Gom
pcrtz' law, applies to irradiated populations. Force-of
mortality curves for exposed animals parallel control
curves at a distance directly related to dose for single
exposure, whereas for constant long-term 'irradiation,
the slope of the curve increases by a factor depending on
dose rate.285

463. These observations have encouraged analogies
between chronic irradiation injury and aging. Aging,
while familiar to everyone, is difficult to define. What is

trons within the range of dose rates shown in figure
22.561

459. When irradiated animals are given a second
course of irradiation, the LD50 depends on the time be
tween the first and second exposure, and increases
asymptotically with time.582
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called an aging hit. The number of faults carried by an
individual is fixed at birth, whereas the aging hits accu
mulate randomly with time, so that at any moment the
number of surviving cells carried by an individual de
pends on his hereditary load and on his age. Death occurs
when the number of surviving cells carried by the indi
vidual approaches a critical limit. Szilard calculated the
average number of faults carried by the individual in
human populations, and predicted the shortening of life
span by radiation in man. His results cannot be checked
in our present state of ignorance about the life-shorten
ing effect of radiation in our species. The theory in its
present state does not predict the expected parent
offspring correlation in life-span; if it did it would
prompt a not too difficult test on human populations.

470. Besides Szilard, Failla2 55 also interpreted aging
as a mutational effect, and showed that Gompertz' law
can be derived by assuming that the change in mortality
rates with time is a one-hit process. It is none the less
premature to attribute such a complex phenomenon as
aging to somatic mutation which in vertebrates has been
studied mainly in cell cultures. There is little knowledge
about possible repair and recovery mechanisms of muta
tional effects. Even in unicellular organisms, radiation
damage is not confined to the genome and it would be
surprising if this were not true for the cells of higher
organisms. Attempts to shorten life-span by giving
chemical mutagens were unsuccessful.v" but more recent
work in two laboratories has confirmed the radiomimetic
effects of chemical mutagens for life-shortening.sw- 500

Induction of tumours

471. In man the induction of leukaemia at present pro
vides a basis for inferences about the dependence of
incidence on dose, and data being accumulated as to the
induction of bone tumours by radium is adding valuable
information to this.m Animal data prove that ionizing
radiation induce benign and malignant tumours. If tu
mour incidence increases with dose, taking into account
the statements made later on threshold, studies on dose
effect relationships are by their nature inconclusive
about what the mechanism is.

472. Knowledge on tumour growth is limited and ex
perimental difficulties abound. The long latent period in
the appearance of tumours impedes work at higher doses,
since other radiation-induced pathological disturbances
may cause death before tumours appear. At low level of
irradiation animals have to be kept a very long time;
intervening infections often vitiate experiments. More
over, the incidence of tumours is low; low-level irradi
tion studies require unwieldy numbers of animals.

473. As a further complication, radiation is not nec
essarily the direct cause of tumours: lymphoma in mice
and mouse ovarian and pituitary tumours are an indi
rect effect of irradiation.

474. The role of eo-carcinogens is almost completely
unknown in radiation carcinogenesis. In chemical carci
nogenesis, with a eo-carcinogen, the amount of carcino
genic agent was related linearly to tumour incidence;
carcinogen alone has a threshold.m Croton oil after ra
diation increased the incidence of benign tumours in
skin.5oa

475. Combined radiation and methylcholanthrene
were synergistic in inducing leukaemia, pa2 and methyl
cholanthrene i'" in inducing skin tumours, and mechan
ical irritation and X-rays in inducing sarcornas.P'"
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476. Change in susceptibility with age of animals is
still another complication in studies o.n tumour-induc
tion.590 This and the long latent period for tumour
induction make correlation of injury with accumulated
dose difficult in animals exposed to long-term low-level
irradiation.

Quantitative studies

477. The rate of tumour development and amount of
strontium-89 injected into mice were related linearly,
after a latent period which increased with diminishing
dose.?" However, the plot of the number of tumours at
any time after treatment becomes curvilinear and ap
pears as a higher power of the dose.~s~

478. Dose-response curves for mouse lymphomas,m
ovarian tumours and myeloid leukaemia were non
linear.80s Bone tumour induction in mice by strontium-90
is not proportional to incorporated radio-isotope and may
be described as proportional to the square or cube of the
dose. 50S

479. Data on the influence of dose-rate in the induc
tion of neoplasm by ionizing radiations are as yet frag
mentary. In most instances a given dose is substantially
less carcinogenic absorbed over a long period at low dose
rates than it is absorbed in a single short exposure.m,li9
Blum,60o from skin-cancer induction in mice by ultra
violet light, suggests that the time for the appearance of
tumours is inversely proportional to the square root of
the dose-rate; the dose-effect curve would have a rising
inflection with increasing dose-rate, and a threshold, if
any below limits of observability.

Radiation-illdttced leukaemia i1t mall

480. Radiation-leukaemia surveys may examine a
population of exposed and non-exposed people and ob
serve directly the incidence of leukaemia in the two
groups. In retrospective studies, groups of leukaemic
and non-leukaernic populations are selected, the fre
quency of irradiated and non-irradiated individuals cal
culated, and the risk of leukaemia estimated.

481. Retrospective studies, beginning with people se
lected without prior knowledge of their radiation history,
a re likely, in the present state of radiation records, to
misestimate exposure; the reliability of information
about past radiations depends largely on memory.

482. Three major prospective studies are the Hiro
shima and Nagasaki atom bomb survivors,~20-426 chil
dren treated with X-rays for thymus enlargement/3B, Ul

and adults treated with X-rays for ankylosing spon
dylitis. 4.12, HO

The Hiroshima and Nagasaki sllrveJ's'Z0-426

483. The Hiroshima and Nagasaki explosions offera
uni~u~ and most. important opportunity to study the
radiation-leukaemia problem. They should answer the
question about the long-term effects in child and adult.
The irradiation dose was large and the population ex
posed substantial: ,-..J 1,000 survivors received an LD50

dose, and 10,000 a dose over the greater part of the body
of r-' 100 rad or more. Important effects could hardly be
missed. Overlooked effects could only be those produced
from prolonged exposure to smaller closes or those re
quiring intense radiation to a restricted pa rt of the body.
Such effects would be observed most readily among
people occupationally exposed and among patients given
large doses of therapeutic radiation.



484. Data from the Hiroshima and Nagasaki popula
tions will be less clear about dose-effect relationships.
The irradiation was instantaneous; the results cannot
tell what is likely to happen where the dose is spread out
in time or intermittent. Great efforts are being expended
to make exposure history as accurate as possible; never
theless, how people were shielded is, in many instances,
uncertain and hence there will always be some uncer
tainty about the exact irradiation received. Therefore,
information about dose-effect relationships must also be
sought elsewhere. Here data from hospital patients or
persons occupationally exposed should prove useful. The
dose-effect relationship is discussed in paragraphs
248-253.

Children irradiated for thymus enlargement436, 438 , 446

485. The data are too scanty to warrant conclusions
about the relationship between dose and incidence of leu
kaemia or thyroid cancer among children given radiation
to the thymus (see paras. 263-272).

X -ray treated ankylosing spondylitis 412, 440

486. An extensive survey on irradiated ankylosing
spondylitis in England by Court Brown and Doll gave
special attention to dosage expressed as maximal bone
marrow dose, mean bone-marrow dose, and whole-body
integral dose for every leukaemic, and for every patient
belonging to a random sample of the whole exposed pop
ulation. The results are familiar. As there were only two
leukaemic female patients, the quantitative study was
limited to males. Age distribution ranged from fourteen
years onwards.

487. The clinical treatment of ankylosing spondylitis
consists usually in irradiating the affected bones with a
dose of ,....., 1,000 r. If the symptoms recur, re-treatment
is often given. This is the explanation in this study of
the positive correlation between cumulative mean bone
marrow dose, and the time between the first treatment
and death of the patient. One possible explanation of the
findings not excluded by the data could be that patients
with ankylosing spondylitis, irrespective of the method
of irradiation, are more likely to develop leukaemia than
healthy people.

488. With these limitations in mind, the incidence of
leukaemias was plotted against maximal bone-marrow
dose, mean bone-marrow dose, mean bone-marrow dose
among patients whose spine and sacroiliac regions only
were exposed, and whole body integral dose. The inci
dence in all depends on dose and the dose-response curve
bends upward. This suggests a non-linear relationship
between exposure and incidence.

489. Owing to the fewness of cases on which it is
based, the ankylosing spondylitis survey only proves that
there is a dependency of incidence on dose but gives little
information as to quantitative relationship. Further
details on the dose-effect relationship are given in para
graphs 254-262.

Concept of threshold
490. Thresholds have been observed for many somatic

effects, but it is a question whether radiation and leu
kaemia incidence are related below a certain dose. What
ever the dose-response curve, a critical exposure level
might be required before irradiation brings about the
cellular derangements responsible for inducing leukae
Ulia and other tumours. Experimental and clinical data
On tumours and leukaemia considered as demonstrating
the linear character of the dose-effect curve are all ob-

169

tained in the higher dose-range, 100 rad and above. The
nature of this relationship has not been studied for lower
dose levels. Kamb and Pauling GOl have expressed the
view that the existence of a very low threshold or its
absence cannot be feasibly determined by studies in
animals. A. V. Lebedinsky's 602 conception may prove to
be correct: he believes that for initial changes in any
structures of an organism at the molecular level there is
no threshold dose at which the various types of ionizing
radiation begin to have an effect, whereas a threshold
does exist at the level of the cell, the tissue, the organs
and the organism due to compensatory responses and
regenerative processes. The ankylosing spondylitis and
the Hiroshima surveys hint that at the lowest doses no
difference can be shown between the observed incidence
of leukaemia and the incidence expected in the general
population. In such circumstances a search for a thres
hold is futile. It cannot be taken as axiomatic that if at
moderate or large doses an effect is proportional to dose
it is justifiable to extrapolate the same relationship to
lower doses. Recent evidence neither proves nor dis
proves the existence of a threshold for radiation effects
in inducing tumours in man. To avoid the danger of
under-estimating the probability of radiation-induced
leukaemia and other malignancies, it seems reasonable
to assume that the observed cases of malignancy will not
exceed the number predicted, if the relationship between
incidence of malignancy and dose were considered linear
(no threshold) for all doses.

VIII. Protection and modification of
radiation injury

INTRODUCTION

491. This chapter discusses the physiological, bio
chemical and biological methods that have been developed
to protect against and modify the injury of living or
ganisms by radiation. Although to date work on radiation
protection and recovery has found few practical applica
tions to the survival of higher organisms, this is a rapidly
developing field and more recent ways of promoting
recovery by transplanting blood-forming cells may de
velop practical significance.

PROTECTIVE AGENTS

Anoxia

492. That anoxia reduces radiation mortality was first
shown by Lacassagne'P" in newborn mice. Also, rats
exposed to 800 r in 5 per cent O2 + 95 per cent Nz were
alive 30 days after exposure; all controls died.G04 At
1,200-1,400 r, SO per cent of treated animals survived 30
days. Results with mice in 7 per cent O 2 + 93 per cent
Nz were less impressive; ,....., 80 per cent of the treated
animals survived 800 r, lethal to all controls. Similar
results were obtained in chicks,GG. rats,006-001 and
mice.6os,60o Some symptoms, e.g., desquamation, can be
alleviated by hypoxia."? Lamson et al.Gll, 612 studied
long-term effects, such as life-shortening, tumour inci
dence, hypertension, and nephrosclerosis, in rats sur
viving 1,000 r of hypoxic TBR. Carbon monoxide also
reduced the radio-sensitivity of mice,~13,611 guinea pigs,
rabbits, and rats.?" COz was ineffective.s'" Correlation
of anoxia with various responses has been reviewed?"
and the mechanism discussed,G18-020 Cyanide-induced
anoxia was particularly effective in mice;m other
workers have had difficulty in getting similar re-



501. Differences in activity of closely related com
pounds might reflect inability of some to enter the cell.
Protection against the direct action of radiation might
be explained by assuming that thiol compounds restore
enzymes to the -SH condition needed for their function
-an hypothesis suggested by Pihl and Eldjarn.v- Pro
teins form mixed disulfides easily, e.g., insulin frag
ments.

502. Compounds containing the labile -SH group
protect molecular structures against direct and free
radical-mediated-action of radiation. Undoubtedly, an
additional action is lowering intracellular O2 tension and
reducing number of free radicals ;et1 thiols share the
latter property with several other chemicals e.g. choline
derivatives.v" Several thiols protect animals against O2
poisoning; this supports the belief that lowering of O2
tension is important in the action of protective chemi
cals.et8

503. These theories of the action of protective chemi
cals cannot account for the protection given by certain
pharmacologically active substances, e.g., reserpine6u

which can protect rats if given as early as 24 hours before
irradiation; its action correlates with obvious changes in
tissue metabolism. Similarly, the effects of parathyroid
hormone and EDTA could be related to the effects of
calciumon cell permeability that prevent the loss of intra
cellular constituents due to the radiation-induced increase
in permeability.645,046

Modifying treatments

504. Death of an animal exposed to the lower range
of lethal doses is mainly due to bone-marrow injury.
This suggested treatment with viable bone-marrow cells
that might permanently or temporarily take on the func
tion of the destroyed ceUs. The feasibilty of repairing
radiation-induced damage by biological means was sug
gested from the prevention of thrombopenia in X-irradi
ated guinea pigs by shielding of bones in the early ex
periments of Fabricius-Moller?" and by the shielding
experiments of Jacobson et al.0 48 The success of bone
~narr?w therapy depended on &,enetic similarity between
Irradiated host and donor animals. Isologous marrow
gave many more survivors than homologous marrow,
and heterologous grafts were even less effective.GiD-m
Proof of cellular colonization was given by Lindsley,
Odell and Tausch in 1955,6~2 using as index antigeuic
differences between cells of host and donor. Ford etal. ru

distinguished host and donor cells by means of marker
chromosomes.

SOS.. The survival of transplanted bone-marrow is
determined by the compatibility of its antigenic pattern
with that ?f the recipient. As a rule, only bone-marrow
from a uniovular twin or from another individual of the
same highly inbred strain (isograft» persists; trans
plants from another individual from the same outbred
species (homograft) or from another species (hetero
graft) are rejected. If the immunological mechanism of
the host .is suppressed, the graft may take. One way of
supp~essJng the.Immunological mechanism is irradiation;
thiS IS why animals exposed to much radiation accept
marrow transplants..However, if the suppression of im
munological mechanisms m the recipient is transient, as
may happe~ If the dose of radiation is not high enough,
the graft Will eventually be rejected. If the dose is high
enough, the graft will take, but owing to the irnmunologi
~al compet~nce of the transplanted marrow, a reverse
Immunological reaction will take place, i.e. reaction of

suIts.D~, 06,022,628 Nitrate also reduced radiation mortality
somewhat.62t,625 P-aminapropiophenene, a methaemo
globinaemia-producer, gave 72 per cent survival in mice
given an LD 100 radiation exposure.DZG,021 Another way
of lowering O2 tension, hypothermia, increases survival
rate in newborn mice 628 as confirmed in mice and
rats. 02 9, 6 80 On the whole, this approach, while illuminat
ing the mechanism of protection> offers few practical
possibilities.

493. Radiation response may be modified in two ways:
(a) preventing injury to vital parts of the organisms;
(b) aiding recovery of the affected system. Injury can be
prevented by supplying cells with chemicals interfering
with or limiting formation of free radicals or making
the cell constituent less susceptible to interaction with the
radical; the protective chemical might even reverse
actual damage> e.g., oxidized thiol groups. A pharma
cological drawback of preventive chemicals is that they
must be given immediately before irradiation so as to
be at the target site during irradiation. Biological en
tities-cells or tissues-introduced after radiation can
replace affected cells and tissues and thus permit recov
ery. Modifying factors in irradiated organisms may be
transient or permanent.
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Protective chemicals

494. Serious study of protective chemicals began
after Barren's demonstration that sulfhydryl compounds
protect many enzyme systems in vitro.G3l PattG82 first
used a sulfhydryl compound for protection of animals,
and was soon followed by others. m

495. Table X 08t lists many varied compounds tested
for protective effects.

496. The way in which protective compounds work is
controversial. Table X shows how widely different chemi
cal entities offer varying degrees of protection. Presum
ably, no single theory encompasses all substances.

497. Protective chemicals may act in the following
ways:

(a) Inactivation of radiation-induced free radicals;
(b) Minimizing free radicals formed by induction

of hypoxia;
(c) Induction of metabolic changes;
(d) Reversion of injury in the primary target.

4?8: Inactivation of .free radicals formed in water by
radiation IS the most Widely accepted theory of chemical
protection.

499. Thiol compounds are known to react rapidly with
free radicals 665 thereby scavenging intra-cellular free
radicals.. S0!Ue suIfur-containing compounds are pro
tectt:re m .VlVO through the f?rmation of a thiol, e.g.,
alkyliso-thioureas rearrange into mercaptoalkylguani
dines.586,631

500. The radical-scavenging hypothesis does not ac
c?unt for several facts in radiation protection. Marked
differences in protection are given by structural1y closely
related compounds (e.g., N-diethylcysteamine and
N~methylphenylcysteamine) ;638 reaction products of
thiols with free radicals in irradiated serum are a minute
fraction of the total free radicals formed· 689 also it does
~ot explain protection against the direct ~ction o'f ioniz
mg radiation which is probably responsible for most
damage.04o .



the grafted tissue against the host. This reaction, called
"secondary disease", is a wasting syndrome charac
terized by atrophy of the host's lymphatic tissues, which
frequently results in death.

506. The antigenic pattern of tissues is determined
by isoantigens. Two broad groups of isoantigens are
distinguished: (a) the so-called H-antigens evoke pro
duction of humoral antibodies; (b) the other type,
T-antigens, produces tissue immunity by accelerated re
jection of grafts, but does not elicit the appearance of
antibodies in blood plasma and body fluids.

507. The chemistry of H-antigens is understood,
mainly from studies by Morgan and Kabat.s" Hsanti
gens are polysaccharides in which an amino-acid or
lipide moiety is firmly bound but does not contribute to
immunological specificity. Immunological specificity is
determined by a small segment of the polysaccharide
molecule. Several more-or-less distinct molecules of the
same immunological specificity may be found in the same
individual: blood-group substances in erythrocytes are
lipopolysaccharides, while blood-group substances in
tissue fluids are polysaccharide-amino-acid complexes;
the latter show broad polydispersity.

508. The chemistry of T -antigens is largely unknown.
The relatively insensitive and imprecise tests available
for assessing their activity, along with the inherent diffi
culty in isolating them from living mammalian cells,
made it appear that "T-antigenicity" is the property of
living cells only. However, R. B. Billingham, L. Brent
and P. B. Medawarv- isolated an antigenically active
substance in a DNA-containing fraction of disintegrated
lymphoid cells. Activity was destroyed by DNA-ase
treatment, by periodate oxidation, and by digestion with
crude enzyme preparation known to be mucolytic and
capable of destroying the activity of blood-group sub
stances. Current information shows that T-antigen may
again be mucopolysaccharide.v" and therefore not unlike
H-antigens.

509. Even though repeated skin-grafts do not cause
the appearance of precipitating or cytotoxic antibodies
in the blood of recipient animals/5 6 several studies indi
cate an association between tissue transplantation and the
appearance of cytotoxic, haemaglutinating or other
antibodies ;£S1-6Sg H-antigens and T-antigens may be
different complex molecules but with the same haptenic
groups in their structure/"? The antigenic potency as well
as chemical stability depend on molecular components
lot directly determining immunological specificity.
Morgan 661 has shown that purified somatic hapten of
Sh, shigae may acquire full antigenic potency if coupled
vith protein derived from the same or other bacterial
ipecies ; human blood-group substance A from ery
hrocytes (lipopolysaccharide) is resistant to hot alkali,
vhile blood-group A substance from body fluids (an
.mino-acid-polysaccharide) is easily hydrolyzed by the
ame treatment.s'" If the T -antigens were Iipopolysac
haride, then their lesser potency compared with H
ntigens in eliciting the production of humoral antibodies,
nd their liability to lyophilization and other procedures,
-ould be explicable. The T-antigens and the H-antigens
light well be a diverse group of substances upon which
le histo-incornpatibility genes have imprinted specific
atigenic configuration, probably in their polysaccharide
»nponents.

510. The ability of transplanted bone-marrow cells
I persist in irradiated animals has been variously dem
1Strated. Erythrocytes and platelets were identified by
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specific agglutination.611! - M l Identification of donor's
granulocytes was carried out by demonstrating alkaline
phosphatase in the circulating cells, alkaline phosphatase
being present only in the rat's (donor) granulocytes and
not in the mouse's (recipient) granulocytes.OG6-001 The
repopulation by rat's lymphoid cells in irradiated mice
has been shown by finding rat's chromosome number
and structure in dividing lymph node cells of the recipi
enF8 and by employing cytotoxic sera with cell-culture
technique.v'"

511. When animals, irradiated with doses sufficient to
cause acute death due to bone-marrow syndrome, are
injected with living erythropoietic cells, they survive.
The 30 days' median lethal dose is roughly doubled if
bone-marrow transplantation is used to protect mice;
with other types of irradiation the results are less con
sistent, but at certain dose levels of y-rays and 14-MeV
neutrons marked protection has been shown. oap

512. Many authors confirmed the protective action of
bone-marrow transplantation in acute radiation syn
drome in various species. Homologous bone-marrow
protected rats,61,o hamsters."? rabbits,"> dogs,618 and
guinea pigs. 651

513. The feasibility of bone-marrow transplantation
in man has been studied to a limited extent. An exchange
of bone-marrow cells can occur between non-identical
twins before birth.614-618 The phenomenon can be ex
plained as acquired immunological tolerance, due to
transplantation of immunologically immature cells, as
seen by Owen.611

514. In studies on man, suppression of immunological
defence of the host has been achieved by "acquired
tolerance". Attempts at homo-transplantation of bone
marrow into donors whose immunological mechanism
has been suppressed by radiation or by radiomimetic
drugs have met with little success, and indeed contra
indications seem clearer. The studies may be divided into
two groups: (a) patients accidentally exposed to high
doses of radiation; (b) patients deliberately irradiated
to replace diseased with normal marrow. Thomas
et al. 6 1 6 have shown that transplanted marrow functioned
temporarily in leukaemic patients given TBR : the donor
cells in some cases persisted for two months in the re
cipient though they disappeared completely after --- 3
months. In another study,6T9 9 patients with acute leu
kaemia irradiated with 300-500 r were given marrow
(obtained from excised human bones) containing about
5 X lOB viable cells without evidence of a successful
transplant. Bone-marrow given to patients with bone
marrow aplasia, without irradiation, gave similar results.
There is evidence of a temporary acceptance of bone
marrow in irradiated leukaemic patients.66o-682 In most
studies, the percentage of donor's type blood cells in the
recipient's circulation was low at the beginning and
steadily decreased; a notable exception is a patient with
bone-marrow failure due to chemotherapy of Hodgkin's
disease 68z given bone-marrow taken from her sister. The
difference in blood groups between donor and recipient
was marked, and skin grafts were rejected. Neverthe
less, bone-marrow transplantation was successful, the
donor's blood cells, low at first, began to increase in the
recipient's circulation at about the sixth month after
transplantation and were still present after nine months.
The success in this case is probably due not only to pre
treatment with radio-mimetic drugs hut also to Hodg
kin's disease: a patient with Hodgkin's disease 68 s may
tolerate a skin graft for a prolonged period. Hodgkin'S
disease is accompanied by a production of abnormal



y-globulins and a marked decrease of immunological
reactivity; proliferation of abnormal and immunologi
cally incompetent cells may be taking place at the expense
of normal lymphoid cells.

515. Bone-marrow was given five men accidently ir
radiated in Yugoslavia on 15 October 1958. Of six
exposed, the five who received the higher doses were
given marrow. The man in most serious condition was
inj ected at first wi th foetal bone-marrow (4 X lOo cells) ,
and then with adult bone-marrow. There was no evid
ence of improvement after foetal marrow; after adult
marrow the number of blood cells, mainly platelets and
granulocytes, increased sharply. Neverthless, the patient
eventually died with symptoms of delayed intestinal
damage and haemorrhages from the respiratory tract.
The remaining four patients were given bone-marrow a
month after the accident from donors of a similar blood
group pattern i about 1010 marrow cells were injected.
Soon after transplantation of marrow, the number of
circulating blood cells increased. However the initial
number of donor's cells, ,...., 20 per cent of the total,
dropped to negligible values in 3-4 months.w' It appears
that for a short time the transplanted bone-marrow as
sumed normal haemopoietic activity, although the evi
dence supporting this has been challenged by Fliedner785
and it was certainly ultimately rejected. The relatively
low percentage of the donor's type blood cells, and their
rapid disappearance demonstrates that the recipient's
bone-marrow maintained its activity although diminished
throughout the period of acute radiation sickness.
Furthermore, as discussed earlier in paragraphs 217-220,
the haematological recovery patterns were similar to
those of patients recovering spontaneously from lesser
amounts of radiation.

516. The transplantation of foreign bone-marrow in
experimental animals prevents acute death; the same is
presumabl:y true for. man. Survivors usually die later,
the mortality beginning usually in the fifth week post
irradiation, but sometimes earlier. Death of animals is
preceded by diarrhoea, loss of weight and dermatitis;
at autopsy a generalized atrophy of lymphoid tissue is
visible, The syn1rome is usually called secondary
disease, but sometimes also homologous disease or for
eign bone-marrow disease. The main cause of secondary
disease is reaction of grafted tissue against the host, the
latter having been rendered immunologically incompe
tent by irradiation. Minor factors influencing both time
of onset of secondary disease and its final outcome in
clude late radiation effects in the host and decreased
resistance to infection.v-

517. Evidence for the immunological pathogenesis of
seconda:y disease is based mainly on genetical studies,
F1-hybnds do not usually react against grafted tissues of
either parental strain but may in certain circumstances
r~act immunologically against inbred parental strain
tissue. However, when irradiated hybrids received par
ental tissue, fatal secondary disease ensued. In the
reverse case, i.e, irradiated parental strain grafted with
hybrid tissues, the survival was almost complete. In the
first case, pa~ental tissue encounters foreign antigens in
the host, derived from the other parent and produces
antibodies to histo-incompatibility antigens' in the other
case, the specificity of transplanted tissue is 'broader than
that of the host and no antibody production is possi
ble.685, 086

518. Secondary disease can be potentiated if trans
plantation of bone marrow is accompanied by even a
small amount of the donor's lymph-node cells.084
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519. These two lines of evidence indicate that the
immunological reaction of grafted tissues against the
host form the basic pathogenetical factor in secondary
disease; several other factors enter. Delayed radiation
effects in the host is one087,088 and the delayed reaction
of the hosts' recovering immunological system against
grafted tissue is another.P'" Transient decrease in resist
ance to infection, at a time when the host lymphoid
system has not yet recovered and the grafted bone
marrow is not potent enough, contributes considerably to
the mortality due to secondary disease.

520. The indications for transplantation of bone
marrow in cases of radiation damage are limited. It may
be useful when the patient's bone-marrow remains viable
even though seriously affected: the implanted tissue
may in this case help the organism through the most
dangerous period of haemopoietic failure; eventually the
foreign tissue will be rejected and the danger of fatal
secondary disease will disappear. In serious cases, graft
ing bone-marrow, substituting for the patient's haemo
poietic cells, may eventually cause death by secondary
disease.v" The dangers in bone-marrow treatment of
acute radiation disease influenced the decision not to use
it in the Y-12 accident in June 1958.388

521. There are at least three possibilities of increasing
the usefulness of bone-marrow treatment: (a) pre
treatment of the recipient with "enhancing antibody";
(b) use of foetal marrow; and (c) antigenic adaptation
of transplanted marrow to the hosts' antigenic pattern.

522. Enhancement might be useful when the host's
immunological reaction is not completely abolished and
is sufficient to cause speedy rejection of the graft before
it might exert supportive action. Enhancement supports
the growth of transplanted tissues by inducing the im
munity status in the host, before transplantation. It can
be effected by injection of the lyophilized tissue to be
irnplantedv'" or by passive immunization with a serum
containing anti-implant tissue antibodies.?" The latter
but not the former method might be useful clinically.

523. The persistence of grafted bone-marrow could
be improved if its antigenic pattern was made compatible
with the antigenic pattern of the host. Very little work
has been done in this direction. From the studies on the
transplantation of neoplastic tissues, it is known that
tumours after passage through F rhybrids (strains of
tumour origin and some others) have more takes when
tested in backcrosses with the same two strains.s'" This
finding is open to more than one interpretation: Klein'"
showed that the increased frequency of takes in back
crosses is due to antigenic adaptation of tumour tissues
and not to selection of more resistant cellular clones
during the passage. The. phenomenon resembles the
changes by pararnecia of their antigenic pattern to suit
unf~vo~rable environments containing specific anti
bodies, 111 which the newly-acquired character is inherited
cytoplasmically.s'"- ml< In tissue transplantation, some
preltml~~ry experiments aimed at inducing antigenic
compatlb.lltty have been carried out :GD~ parathyroid
embryonic tissue was cultured in media containing in
c.reasing co~centration of recipient sera before implanta
~lon. The evidence for the successful grafting was clinical
Improvement. No analogous experiments have been done
on ~1ar:ow ~el1s, but with m?dern techniques of marrow
cul~lvatlo~, It should be possible to assess the probability
of l11creasl11g takes and survival time in donors.

524. On the basis of the immune tolerance theory,
foetal marrow, theoretically, might lead to the creation



of a permanent chimera where there has been total de
struction of lymphoid tissues. The grafted marrow cells
would not be rejected and in time should acquire toler
ance to the host's antigens. If foetal cellsare used, as has
been shown, immunological interaction between donor
and recipient is reduced.oBs-sBB Similar experiments in
man are limited and very preliminary. Mathe et al. in
jected foetal marrow in one of the victims of the Yugo
slav reactor accident but found no evidence of haemo
poietic activity of implanted tissue; the patient, however,
was apparently in the preterminal stage with intestinal
symptoms.t'" In toxic bone-marrow failure, injection of
foetal liver cell suspensions produced circulating blood
cells characteristic of the donor's for about three
weeks.oBB

INTERNAL DECONTAMINATION

525. Recent efforts to promote the excretion of de
posited radio-isotopes, such as plutonium, thorium,
yttrium and the rare earths, have been encouraging. For
these elements, the chelating agent, diethylenetriamine
pentaacetate (DTPA) has proved much superior to the
earlier studied ethylenediaminetetraacetate (EDTA)
and should be a practically useful agent for the prompt
treatment of accidental exposure to these radio
isotopes.1oo Prolonged treatment with DTPA is effective
in removing substantial fractions of firmly deposited plu
tonium from bone. 1Ol The removal of strontium or ra
dium appears less hopeful; no practically useful treat
rrrent can be recommended for radio-isotopes of these
elements. Increasing the level of dietary calcium de
serves to be studied further as a possible means of delay
ing the uptake of strontium-90. However, the benefits to
be obtained therefrom must be large enough to justify
any risks entailed in greatly increasing the intake of
calcium,

TREATMENT OF ACUTE RADIATION SYNDROME102,108

526. The management of radiation injury is governed
by the same considerations that influence the manage
ment of any other clinical problems, namely the history,
clinical picture, laboratory data, and estimated magni
tude of exposure to the injurious agent. In most in
stances, it is not possible to estimate dose accurately.
Even if it were possible, knowledge of the dose would
be of limited value in governing the management of the
patient since there is individual variation in the response
to a given dose as well as great uncertainty about the
dose-effect relationship in man. Experience with the
Japanese atom bomb casualties, the Marshallese exposed
to fall-out radiation, reactor and critical assembly acci
dents, and other accidental exposures to radiation, have
shown that some estimate of biological effects can be
made from careful clinicaland haematologicaldata. Such
continuing scrutiny should determine therapy.

527. The conservative medical management of the
acute radiation syndrome is recommended,41,B88,101 re
serving for desperate situations those therapeutic meas
Ures that carry a high intrinsic risk to the patient.

Summary

528. Biological effects depend not only on total dose
(energy absorbed) but also on type of radiation; distri
bution of dose in time and space and on the physical
state of the organism and species. Determination of bio-
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logical effects of small dose irradiation should now be
based primarily on an analysis of functional changes and
not only on morphological changes as in the past.

529. While the mechanisms of radio-sensitivity have
not yet been clarified, the radio-sensitivities of cells,
tissues, and organs can be arranged in order, and show a
remarkable similarity in all mammalian species.

530. The clinical course of the acute radiation syn
drome in man is well known through observation on
Japanese and Marshallese exposures, criticality acci
dents, and radio-therapeutic experience. However,
largely because of uncertainties as to the physical factors,
the exact relation between dose and effect is not well
understood. The best estimate of the median lethal dose
for man is 300-500 rad, short-time TBR.

531. At low doses, functional changes appreciably out
weigh permanent somatic damage. Among the more sen
sitive of these are transient changes in gametogenesis,
neural function, and haematological responses, espe
cially in the lymphocytes. However, evidence of perma
nent damage becomes apparent only with larger doses
approaching the lethal range.

532. Life-shortening in animals has been well estab
lished as a consequence of long-term and of short-term
irradiation. Life-shortening in man is probable, however,
results are still inconclusive.

533. The development of neoplasia may follow short
term or long-term exposures of both animals and man.
Apparently, leukaemia is the earliest neoplastic change
that has been observed in man. Leukaemia induced in the
Japanese and in other groups of exposed human beings
has usually been of the chronic myeloid type or of the
acute type, and the incidence has increased roughly with
dose.

534. There is some evidence of an increased incidence
of some malignant tumours other than leukaemia in
Japanese survivors, but the evidence so far is inadequate
to permit reasonable inferences as to dose-effect rela
tionships.

535. There is no satisfactory evidence as to the con
centration-effect relationships in man as regards carcino
genesis from internal emitters. No tumours have thus far
appeared with residual radium of less than 0.7 jJ-g.

536. Consideration of possible mechanisms of radia
tion carcinogenesis, including a number involving the
genetic apparatus of somatic cells, indicates a wide di
vergence in possible dose-effect relationships as a con
sequence, and indicates further that the question of these
mechanisms may be amenable to experimental testing.
Further analysis of carcinogenic action of radiation will
require careful study of the dependence of such action
on the type of radiation (alpha, beta, etc.) and its
physical properties (quantities of energy, ionization
density, etc.) and, in particular, a study of the role of
dose-rate. These data will provide the key to an under
standing of the relevant mechanisms. However, elucida
tion of this problem will require an equally careful study
of the processes of regeneration, particularly in relation
to dose rate and the temporary characteristics of irradi
ation. An analysis must be made of the types of mutation
which result in the formation of tumours, and their
probable character. Lastly, there must be a stage-by
stage analysis of data to establish a scale of effects related
to the conditions of irradiation.



537. The embryo, at least in certain stages, is more
susceptible to radiation than the adult.

538. Radiation protection can be achieved in animals
by a variety of chemical and physical procedures, none
of which has yet been established as of value in man

z:q

except possibly in instances of localized therapeutic
irradiation.

539. Many investigations are under way to dctennine
the value of general supportive and specialized therapy
for the treatment of acute radiation injury in man and
for decontamination.

TABLE I.8~ LD. VALUES FOil MAMMALS*

LD", ,oJlU

A.ir AhJorl><d
dos. iJ<JU

SPICier Radia/i-<J,. UJ.d RadialkmjCJclor. (r) ((od) I/4.N•.

\"0 kvp Xsray 0.5 mm. Cu, 1 mm. Al HVL 1.6 mm. Cu 362+ to 521+ to (705)

Mouse ....•....... , 200 kvp X-ray
443+ 638+

0.25 mm. Cu, 1 mm. AI HVL 0.8 mm. Cu 405 558+ (706)
, Bomb gamma High energy and dose rate 759 666+ (707)

R {2oo kvp X-ray 0.45 mm. Cu, 1 mm. Al HVL 1 mm. Cu 665 81S" (708)
at .......... , , . .. 200 kvp X-ray 0.5 mm. Cu, 1 mm. Al HVL 1.05 mm. Cu 640 796" (709)

Ground squirrel. ..... 250 kvp X-ray 0.25 mm. Cu, 1 mm. Al HVL 0.9 mm. Cu 700 >700" (710)

tooo kvp X-ray HVL5 mm. Ph 800 >800+ (711)
Hamster...... , ... , 250 kvp X-ray 0.5 mm. Cu, 1 mm. Al HVL 1.6 mm. Cu 460+ 586+ (712)

200 kvp X-ray 0.25 mm. Cu, 0.5 mm. Al HVL 1.5 mm. Cu 700 >700+ (671)

200 kvp X-ray 0.25 mm. Cu, 1.0 mm. A1 HVL 0.8 mm. Cu 337 400+ (42)
186 kvp Xvray 0.25 mm. Cu, 1.0 mm. Al HVL 0.8 mm. Cu 400 380+ (649)

Guineafpig ......... (crossfire exposure)
COM gamma Multiple sources 500 490+ (43)
1.10 Mev (50%) Dose rate 70 r/rnln (4?r exposure)
1.33 Mev (50%)

200 kvp X-ray 0.5 mm. Cu, 1.0 mm. Al HVL 0.98 mm. Cu 800 735+ (24)
(bilateral exposure)

250 kvp X-ray 3.25 mm. ClI I-IVL 3.4 mm. Cu 805 751+ (713)
(multiport exposure)

Rabbit ........... _ 250 kvp X-ray Parabolic filter HVL 2.0 mm. Cu 700+ 680+ (714)
(crossfire exposure)

C080 gamma 1,094 911-+ (115)
LlD Mev (50%) HVL 5.1 cm. AI
1.33 Mev (50 %) Dose rate 50 r/hr (multiple sources)

\"0 kvp X-cay HVL 1.6 mm. Cu Dose rate 3 r/min. 760+ 546+ (6,5)

Monkey .•..... , ... 250 kvp Xsray (bilateral exposure)
0.5 mm. Cu, 1.0 mm. Al HVL 1.0 mm. Cu 550 522+ (716)

(animals rotated)
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TAllLE 1.85 LD•• VALUES FOR MAMMANS* (continued)

Dog .

Swine .

RJJdiation used

250 kvp X-ray

1,000 kvp X-ray
2,000 kvp X-ray
Co·o gamma
1.17 Mev (50%)
1.33 Mev (50%)
250 kvp X-ray

Bomb gamma

1,000 kvp X-ray
2,000 kvp X-ray
2,000 kvp X-ray
Bomb gamma
Co·· gamma

1.17 Mev (50%)
1.33 Mev (50%)

RadlaUon !rulors

0.5 mm. Cu, 1.0 mm. Al HVL 1.5 mm. Cu
(bilateral exposure)

HVL 2.0 mm. Pb (bilateral exposure)
HVL 4.3 mm. Pb (bilateral exposure)
HVL 5.1 cm. Al (bilateral exposure)

14.2 mm. Al Parabolic filter, 0.5 mm. Cu
HVL 2.15 mm. Cu (unilateral exposure)

High energy and dose rate

HVL 2.0 mm. Pb (bilateral exposure)
HVL 4.3 mm. Pb (bilateral exposure)
HVL 4.3 mm. Pb (unilateral exposure)
High energy and dose rate
HVL 5.1 cm. AI Dose rate 50 r/hr

(multiple sources)

LD,. value

Air Absorbed
doSt dale
(r) (rod) RI/. No.

281 244+ (717)

304 250+ (38)
312 260+ (37)
465+ 303+ (118)

450 322+ (38)

271 250+ (378)

510 247+ (38)
388 237+ (719)
500 305+ (719)
225 187+ (720)
518 242+ (721),

(

Nb96 and Zri l

gammas
Sheep 0.73 Mev (93%)

0.23 Mev (7%)

HVL 3.9 cm. Al Dose rate 20 r/hr
(multiple sources)

su 205+ (722)

C060 gamma

Goat •.............. 200 kvp X-ray

Burro .•...........

1.17 Mev (50%)
1.33 Mev (50%)
Ta m gamma

1.22 Mev (57%)
1.13 Mev (37%)
0.2 Mev (6%)
Nbi 6·Zro6 gamma

0.73 Mev (93%)
0.23 Mev (7%)

0.5 mm. Cu, HVL 0.98 mm. Cu
(bilateral exposure)

HVL 5.1 cm. Al Dose rate 50 r/hr
(multiple sources)

HVL 4.3 cm. Al Dose rate 20 r/hr
(multiple sources)

HVL 3.9 cm. Al Dose rate 20 r/hr
(multiple sources)

350

784

651

S&S

237+ (723)

(721)

(724)

(722)

j
Fan-out gamma
1.5 Mev (19%)

Man 0.75 Mev (57%)

0.1 Mev (24%)

Dose rate variable (plane field) 350 (i') 300 (?) (53)

*See text for additional explanatory material relating to the
table.

+ Value not given in work cited. Calculated or estimated from
data given.

All dose-rates used were of the order of 5 to 60 r/min., and all
exposures were unilateral unless otherwise noted. The LO oo
values in rad represent the absorbed dose in soft tissue at the
centre (midline) of the animal. The dose in rad was estimated as
follows: the tissue dose in r was first estimated, if not given, from
the air dose by estimating all scattered radiations and taking into
account the geometry of the exposure conditions used. 3B Scatter
can be approximated from standard depth-dose data.'B. 708, 726, 73&

The present authors duplicated as nearly as possible many of the
experimental conditions and used the air/tissue dose ratio thus
obtained. The tissue dose obtained represents the dose a dosi
meter would indicate if it were embedded in tissue (or phantom
material). The tissue dose in r was converted to absorb dose in
rad, using the appropriate soft-tissue conversion factor,721, 120
The conversion from air to tissue dose is an approximation made
if! many cases from incomplete physical data, and the conversion
factors from tissue dose to rad are stilI open to question (see
above). Additional details of the conversion used for any of the
situations will be furnished on request. Total scatter varied with
essentially fuII scatter, from less than 5 per cent of the air dose
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with COIO garnmas to approximately 45 per cent with 250 kvp~or
lower energy X-rays.81. m, 7!0 Ellinger quotes the LD 6o/14-day
value for guinea pigs, which is not significantly different from his
LD 6o/30-day value. Depth-dose measurements under the unusual
geometrical conditions of the Oak Ridge multicurie 'Y-rayexposure
field were made by the present authors in collaboration with
Col. Bernard Trum. The large ratios, air dose-midline absorbed
dose, obtained for burros, sheep, and swine result principally
from geometrical factors." In most positions, occupied by the
exposed large animals, over 50 per cent of the dose is received
from a target to skin distance of less than 1.5 m.: thus inverse
square fall off is appreciable. Large animals standing in the field
receive much of the dose at the midpoint in the animal from the
anterior or posterior directions, as opposed to the transverse
(shorter) axis with bilateral irradiation in the laboratory (this
would not apply to an upright man). All midline doses probably
are maximal for an acute LDso value, since if the data for the
effect of dose rate on L06n in the rat7>l apply to the larger
species, the values should be further reduced by a factor of
approximately 0.8 to allow comparison with radiation delivered
in the course of minutes. The values should be also reduced further
for comparison with X-ray LDM values because of the apparently
reduced effectiveness of oy·radiation relative to Xeradiation.v
The LD 60 value for man can be considered only a rough approxi
mation, since the dose is poorly known and there was no mortality
in the exposed group (see below).



TABLE 11. DISEASES OF MAJOR FREQUENCY IN 'Y-IRIWJIATED MICE (OPERATION GREENHOUSE)260 TAl,-------
Percenlage obser.edlncldenceIn mice receiving Indlcaled1'.ray dose -- ~in

Disease Colllrol ZZ3rod 368 rod 578 rod 697-;;-~ Iy--Males Females Males Females Moles Females Males Females Males F'm'Of Iy- r Qtephaly" •
4.25 0.97 1.90 0.94 3.16 0 1.96 1.68 4.07

!1rJ' 1 (bram he
None ..•.................................. 2.63 Enrephalocoe e
Pneumonia •............. ; ..•...........•.• 9.48 12.01 6.19 3.77 7.91 6.21 5.23 4.36 5.56 3.16 Mongolism"
Nephrosclerosis, mild ....................... 1.31 2.60 2.38 2.36 2.85 3.79 3.59 6.71 3.70 4.51 Reduced medulla
Nephrosclerosis, moderately severe........... 0.33 0.33 0 0.47 0.63 1.38 1.63 3.02 3.33 7.14 Cerebral atrophf •
Nephrosclerosis, severe•.. , .............. , ... 0 0.65 0.48 0.47 1.58 3.45 10.13 18.79 21.48 37.22 Ilental retardation

0.33 1.95 3.81 2.36 7.59 4.48 24.51 17.79
MiOCY'

Nephrosclerosis, severity unspecified .......... 28.52 15.79 Neuroblastoma
Enteritis and colitis.........•..•............ 4.58 2.27 3.33 2.36 1.90 2.41 4.90 3.36 1.85 1.88 Ctlormities
Dermatitis................................. 10.78 1.95 10,48 2.36 8.86 0.69 4.90 0.67 3.70 0.38 NarroW aqueduct
Emaciation ............................•... 0.65 1.62 0 0 1.27 1.03 0.65 1.68 5.56 3.38 Hydrocephalus· .
Cyst, liver.....•. " ., ... , .. , ...... , .... , ... 2.61 1.30 1.90 2.83 0.95 2.07 1.96 4.36 1.11 1.88 Rosettes inneural tiSSI

Dilation of 3rd and.1~
Cyst, kidney•.............................. 0.65 0 1.43 0 0.95 0 2.94 1.01 1.48 0.75 Spinal cord anomalies
Cyst, ovary ...............•.............•.. 1.30 1.42 1.72 1.34 1.50 Reduction orabsenoe l

Cyst, all sites .................•............ 3.60 3.25 3.33 4.25 2.53 4.83 4.90 9.06 2.96 4.89
Atrophy, bone marrow .•......•............. 0 0.32 0.48 0,47 0.32 0.69 0 1.68 1.48 0.15
Atrophy, testis .•......•.......•....•....... 0.65 1.90 0.95 0.95 1.11 91klln

General stunting
Atrophy, adrenal cortex ..................... 0.33 8.12 1.43 8.96 1.27 7.93 1.63 8.72 2.96 10.53 Reduced skull dimension
Dental defects ...................•......... 8.83 1.63 7.15 1.42 8.86 2.07 6.86 1.68 1.48 1.13 Skull deformities·
Volvulus ............•...........••........ 0.98 0.65 3.33 0.47 0.63 1.03 0.65 0.34 1.11 1.50 Head ossification defects
Abscess, all sites .. ; ....•.................... 7.52 2.92 8.10 1.42 3.48 1.72 1.31 1.34 1.11 0.75 Vaulted cranium
Hyperplasia, endometrium ................... 1.95 1.89 1.38 0.67 0.38 Narrow head

Hyperplasia, adrenal cortex....•............. 0 0.97 2.86 3.77 2.12 3.45 3.92 3.36 5.18 6.01
Cranial blisters
Cleft palate"

Hyperplasia, Harderian gland................ 0.98 0 0.95 0 2.85 2.07 1.31 1.01 0.74 0.75 Funncl chest
Hyperplasia (myeloid), bone marrow.••..•.•.. 0.33 0 0 0.94 1.27 0.34 4.58 2.35 4.44 3.01 i, Congenital dislocation 01
Hyperplasia (myeloid), spleen••.............. 0.33 1.30 1.43 3.37 1.90 4.48 6.21 6.38 7.41 15.41 Spina bifida
Hyperplasia (lymphoid), spleen, lymph nodes... 0 0.32 0 0.47 1.27 1.03 1.63 1.01 2.59 2.26 Reduced and deformed 1

Haemorrhage, testis .........•......•....... 0 0 0.63 2.29 1.11
Overgrown and deforme
aub feet"Haemorrhage, brain ....................•... 0 0 0 0 0.63 0.34 0.33 1.68 1.85 1.13 Digital reductionsHaematoma, testis ...............•.......... 0.65 0.95 0.95 1.31 1.85 Calcaneo valgusHaematoma, ovary .•.•.. 0.· ..•..... '" .•.. 13.31 10.38 12.76 13.42 7.52 ~bnormallimbs·Haematoma, adrenal. ....................... 0 0 0 0 0 0 0 2.01 0.37 2.63 Syndactyly"

Thrombosis, auricle ......................... 0.65 1.62 1.90 0.47 2.85 2.41 1.96 2.35 0.37 1.13 Hracllydactyly"
Infarct, all sites ..................•...•..... 0.65 0 1.43 0.47 1.58 0.69 2.94 2.01 1.48 2.63 OiIontogenesis imperfect

Angiitis, all sites ........................... 0.65 0 0.95 0.47 1.03 2.98 6.71 5.04 7.04 13.91
I These anomalies haHepatoma................................. 7.84 3.25 7.62 10.38 11.71 14.83 8.82 8.05 4.44 1.79

Luteoma.•................................. 1.30 16.51 19.66 17.11 15.41

Granulosa-cell tumour, ovary .........•...... 0.32 3.30 4.14 4.36 2.26
Tubular adenoma, ovary .•.................. 0.32 5.19 4.48 2.68 1.50
Mixed tumour, ovary •.....•................ 0.32 10.85 10.69 7.05 5.64
Supcapsular cyst, ovary ..................... 19.16 2.36 2,41 1.68 0,38

AgeCystadenoma, ovary ...•...................• 0 2.83 2.76 0.67 2.26
Mouse

Adenoma, pituitary ...•..................... 0.98 3.57 1.43 4.25 0.95 7.59 1.96 12.42 0.74 3.38
Adenoma, lung...........•................. 9.48 9.42 9.05 8.49 11.08 7.59 7.19 6.04 2.96 2.26 5
Adenoma, kidney ........................... 1.96 0 1.43 0 1.90 1.72 1.63 1.01 1.11 0.38
Adenoma, adrenal. .••.......•.•...........• 0 0.97 2.86 0 2.22 3.10 3.27 3.69 1.48 1.88
Cytadenoma, lung.......................... 2.29 3.25 3.33 1.89 4.75 4.48 3.59 2.01 1.48 1.13

8
Cystadenoma, Harderian gland............. , . 0 0.32 0.95 1.42 1.27 1.38 0.33 2.01 0.37 0 9
Squamous-cell carcinoma, stomach.......... " 0.98 0.65 2.38 1.42 1.58 1.38 0.65 0.34 0 0
Squamous-oell carcinoma, skin............... 0.33 0 0 0.94 0.32 0 0.98 0.67 0 0.38
Adenocarcinoma, lung....................... 2.94 0.97 0.48 2.36 1.27 1.38 0 1.01 0.74 0 10.5Adenocarcinoma, breast ..................... 0 0.97 0 3.77 0.32 3.79 0 3.02 0 1.88

Adenocarcinoma, Harderian gland ............ 0 0 0 1.42 1.58 1.38 0.33 0.34 0.74 0 11.5
Sarcoma, voluntary muscle... , .............. 0 0 0.48 0.47 0.63 0.69 0.33 0.67 0.37 0
Sarcoma, breast. •...................•...... 0 6.82 0 3.77 0 4.14 0.65 2.01 0 0,38
Sarcoma, bone ............................. 0 0.65 0 0 0 0 0.33 2.01 0 0.75 12.5
Lymphoma, thymus ........................ 1.64 3.24 2.86 5.66 2.85 4.13 6.86 11.08 13.07 10./5

Lymphoma, abdomen ....................... 7.52 20.22 12.38 14.62 13.30 8.64 3.92 6.72 2,60 3.63 13.5
Lymphoma, other .......................... 10.14 18.52 7.21 10.85 12.34 16.21 9.14 9.06 4.81 4.89
Myeloid leukemia, all sites................... 0.33 0.65 0.48 1.42 0.95 1.03 1.31 0.34 1.11 0.38 14.5

Number oJneoplasms per mouse

Neoplasms, all sites.•.... " ..... '" ..•.... 1.08 1.15 1.37 2.21 1.46 1.73 0.66 1.01 15.5
2.26 1.11 -
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Age in days

TABLE UUS2 MAJOR ABNORMALITIES INDUCED IN MAMMALS BY FOETAL IRRADIATION
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Miscellaneous

Situs inversus
Hydronephrosis
Hydroureter
Hydrocoele
Absence of kidney
Degenerate gonad"
Abnormalities in skin pigmentation
Motorial disturbance of extremities
Increased probability of leukaemia
Congenital heart disease
Deformed ear"
Facial deformities
Pituitary disturbances
Dermatomal and myotomal necrosis

E')Ies

Anophthalmia
Microphthalmia*
Microcornia•
Coloboma"
Deformed iris
Absence of lens and/or retina
Open eyelids
Strabismus"
Nystagmus"
Retinoblastoma
Hypermetropia
Congenital glaucoma
Partial albinism
Cataract"
Blindness
Chorioretlnltis"
Ankyloblepharon

Exostosis on proximal tibia
Metaphysis
Amelogenesls"

Scleratornal necrosis

Implantation
Germ layers, extra emb. membranes
Primitive streak
Neural groove, blood islands, notochord
Cephalization, extensive vascularization, neural folds meet, primordia

of sense organs, thyroid, limbs, muscles, pronephros, branch,
arches. somltes

Prim. brain w. vesicles, complete circulation, GI tract and derivatives,
mesornetanephros, vertebrae, 31 somites, yolk haemopoiesis

Genital ridge, heart, liver, mesonephros protuberant, limb and lung
buds, 5 brain vesicles, all sense organs. cardiac septs and 38
somites

Heart chambered, nerves and ganglia differentiating thyroid anlagen
bilobed

Sexless gonad primordia, liver haemopoiesis, brain flexures, limbs,
thymus, GI tract actively differentiating

Cerebral hemispheres, corpora striatum, thalamus, blood vessels all
actively differentiating, endocrine glands, peripheral and sympa
thetic nerves, eyes well formed

Cerebral cortex. intest, villi, thyroid follicles, first ossifications, sex
differentiation with sex cords and germinal epithelium

Embryo
Mouse Ma.. mm

5 6
14 0.15
16 0.40

8 20.5 1.5
9 25.5 2.4

10.5 28.5 4.2

11.5 33.5 7.0

12.5 36.5 9.0

13.5 38.0 12.0

14.5 47.0 17.0

15.5 65.0 40.0

TABLE IV.782 CORRELATIONS IN DEVELOPMENT: MOUSE AND MAN DEVELOPMENTAL
STAGE IN HUMAN: ORGAN PRIMORDIA

...These anomalies have been found in humans exposed in utero to radiation and are attributed to the action of radiation.

Brain

Anencephaly
Porencephaly
Microcepbaly"
Encephalocoele (brain hernia)
Mongolism"
Reduced medulla
Cerebral atrophy
Mental retardation"
Idiocy·
Neuroblastoma
Deformities

Narrow aqueduct
Hydrocephalus"
Rosettes in neural tissue
Dilation of 3rd and 1st ventricles
Spina! cord anomalles"
Reduction or absence of some cranial nerves

...

lkeleton

General stunting
Reduced skull dimensions
Skull deformities"
Head ossification defects'"
Vaulted cranium
Narrow head
Cranial blisters
Cleft palate"
Funnel chest
Congenital dislocation of hips
Spina bifida
Reduced and deformed tail
Overgrown and deformed feet
Club feet*
Digital reductions
Calcaneo valgus
A bnormal limbs"
Syndactylv"
Brachydactyly"
Odontogenesis imperfecta"



TABLE V.T8B EFFECTS OF IONIZING RADIATION ON MAN-SCHEMATIC SUllVEY

-Amte radiationS)'tIdr01fU, form

Cor.bral Gastro-int..Urull

Determining organ•••••.....•

Threshold dose, r ...•....•...

Latent period ..•..•..........

Central nervous system

2,000

*3 hr,

Small intestine

500

3-5 days

Bone-marrow

100

3 weeks

Characteristic signs and
symptoms

Underlying pathology .•......

Lethargy, convulsions, ataxia

Inflammatory reactions in
central nervous system, brain
oedema

Diarrhoea, fever, disturbance
of electrolyte balance

Denudation of gastro-intestinal
mucosa

Leukopenia, purpura, lnfee~oo

Atrophy of bone-marrow

Time of death (if occurring) •..

Cause of death .

Within 2 days

Respiratory arrest

Within 2 weeks

Circulatory collapse

Within 2 months

Haemorrhege, generalized
infection

Prognosis .

Source of information ....•••.

Hopeless

Animal experiments

Poor

Animal experiments, bomb
casualties, nuclear accidents

Good

Bomb casualties, nuclear
accidents, radio-therapy

TABLE VI. EPIDEMIOLOGICAL STUDIES OF THYROID NEOPLASIA AND LEUKAEMIA IN CHILDREN
TREATED IN INFANCY ON THYMIC REGION: SUMMARY OF PUDUSHED DATA

Do.r. Number "I
&/.,-,1\"

R'4Sonfor ran-le ;"odiaJ. Th:rroid
i"osiolion in r childr," Control tarCilf.01tl4 Uuk~",i. &:~tltd""Mbe'

Conti et al. H8 Prophylactic thymus 75-300 1,564 2,923 0 0 ;) cases 0 rmalignancy
Pittsburgh irradiation 1 leukaemia

Simpson-Hernpelmann- Thymic enlargement (1) 200 2,393 2,722 21 9 3.6 cases of malignancy
Fuller UII (80%

Simpson-Hempelmann HIi
traced)

(2) 200- 1 leukaemia
600

Simpson m

Latourette and Hodges UD Thymic enlargement Average 861 1 lymphoma 0.1 carcinoma
200 1 leukaemia 1 lymphoma and

leukaemia

Murray el al. m Various benign Average 6,473 8 2 leukaemia
diseases (45% chest) 400

Snegireff 4111 Thymic enlargement Average 148 162 0 0
400

Crcnkite-Moloney- Thymic enlargement 125 2 (out of 0Bond m 7 nco-
plasias)

Saenger ~I Chest-mainly for 50-
thymic enlargement 1,200 r 1,644 3,777 11 1 0.12 carcinoma

Stasek et al. 7a, Cervical lymphadenitis 100-
300 r 52 1
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TABLE VII.488 FREQUENCY OF ABDOMINAL IRRADIATION DUlUNG PREGNANCY OF MOTHERS OP'
CANCER CHILDREN AND MOTHERS OF CONTBOL CHILDREN: SUMMARY OJ' l'U:BLISHED DATA

TABLE VIII.407 CoMPARISON OF OBSERVED AND EXPECTED INCIDENCE OF MALIGNANT NEOPLASMS
IN SELECTED SITES AMONG SURVIVORS IN HIROSHIMA EXPOSED WITHIN 1,500 METRES

FROM THE HYPOCENTRE, APRIL 1957-DECEMBER 1958

179

Ratio rut r.sltU

1.93 ..
4.31 ..
2.00 N.S.
2.18 ...
3.96 ...

12.41
2.32
2.49
3.67
1.01

&pICI.II

24
10

5
8
4

Canter children Conlrol children

Proportion of mo/het's Pr/)?or-l1on of mo/hers
"'ho rlC.ived abdominal ",IUJ r.ec,;ved abdominal

Description of rr""i
irradia/iot' durinli 'm:Jdia/ion durillli

:prIBnan<;y Descriplion of liroup Pregnancy

Children with 5/55 (9.1%) Healthy children 8/55 (14.5%)
leukaemia seen at
Riks-hospitalet,
Oslo, 1946-56

Children dying of 37/150 (24.7%) (a) Closest Sib 24/150 (16.0%)
acute leukaemia 34/125 (27.2%) Cb) Most habitual 27/125 (21.6%)
in California, playmate
1955-56

Children with 72/251 (28.7%) Children attending 58/251 (23.1 %)
leukaemia seen at the Children's
the Children's Hospital, Los
Hospital, Los Angeles, 1950-51
Angeles, 1950-57 with other

selected
conditions

Children dying of Children dying of
leukaemia under causes other than
10 years of age cancer under 10
in Louisiana, years of age in
1951-55: Louisiana, 1951-55:

(a) White 20/70 (28.6%) (a) White 48/247 (19.4%)
(b) Coloured 1/8 (b) Coloured 8/59

Children dying of 8/114 (7.3%) 1% sample of 173/2,520 (7.3%)
cancer under 10 children born in
years of age in one of 11 specified
New York City, maternity
and born in a hospitals,
specified mater- 1947-57, residents
nity hospital, of New York
1947-57 City only

N.S. Not significant.
• Significant at the confidence level of 1%.

** Significant at the confidence level of 5%.

Cancer of stomach, sexes combined .
Cancer of lung, sexes combined .
Cancer of breast , .
Cancer of cervix uteri. , .
Cancer of ovary .

Kieldsberg UB••••••••••••••••••••••••

Kaplanla l ••••••••••••••••••••••••••••

Polhemue and Kochu1 .

Ford et al."l .•..........•....•.......

MacMahon71B ••••••••••••••••••••••••



7U

511

Between 50 and 100 per cent IUr- III
viving 250 days after deposition
of 0.2 to 1 }.IC developed malig-
nant tu mours

100 days after 0.16 I'C S23

300 days after 375 pc/week for 10 Sll
weeks

340 days after 0.15 IJC
422 days after 2 pC

350 days after 4.5 pc

224 to 337 days after implantation 01 51S
2.1 to 14 pc (close calculated at 100
microns from source)

131 to 375 days after implantation of 514
1.1 to 59 pC

127 days after 5 ).le
48 days after 15 ~c

93 days after 25 IJC

83 days after 50 IJC

200 days after implantation

Remarkl Rt/ffllljj!
--..r

5 and 15 months after 5 pc/Kg 5tO

500 days after 0.003 j.IC 51l
400 days after 0.06 I'C
500 days after 0.1 I'C 513

2-9 X 10 1

50,000
70,000

2,200
5,500
8,900

15,000

12,000 to
400,000

4/23

1/27
1/23
7/28
4/15

Epidermoid carcinoma of
bronchus

Lymphosarcoma
Carcinoma

Carcinoma

Bronchiolar carcinoma 1/41 4,000

Squamous cell carcinoma 2/16 12,000 to
20,000

Lymphosarcomas 1/23 300
Alveolar cell carcinoma 1/10 4,000
Non-differentiated tumour 1/11 9,000

Bronchogenic carcinoma 5/26

Mice

TABLE IX.47S OBSERVED TUMOURS AND CALCULATED DOSE FROM RADIO-ACTIVE MATElUALS DE:POSITED IN TilE LUNG

C0 50 (gamma)
(wire)

Mice

BaSS60 . (beta) Rat

RU1060 , (beta) Mice

RU106 Rat
(metal cylinder)
(beta)

Srvo (glass beads) Rat
(beta)

CeltlFa (gamma) Rat

Material
Caltulaled

and
dose

radiatio,." Sped.. Res"lIs No. (rad)b

POliO (alpha) Rat Squamous cell carcinoma 2/15 2,500

PUl l P02 (alpha) Mice Fibrosarcoma" 1/21 115
Squamous cell carcinoma 2/17 2,300

Mice Bronchiolar carcinoma 1 600
(inhalation)

Rats Epidermoid carcinoma
(inhalation)

--------------------------------------

"All materials administered intratracheally or otherwise as
indicated.

b Assuming uniform distribution and exponential loss unless
otherwise indicated.

• Classed as incidental by author because autoradiogna
showed no radio-activity in area of tumour.

TAELE X.7S7 CHEMICAI.S USED FOR PROTECTIVE EFFEcrs

Thio!: related to cysteille and cysteamine

.....

Animal
l'ror<cli~"

DOle tnt/k, "jJul" R4/TIR(ll

Mice, rats 950--1,200 i.p, J 7.38, 739,632
Rats 1,900 per os 2 7-\0
Mice, rats 75-250 i.p. .3 7-\1, 138, 742, 363,7H
Mice, rats 240--280 i.p. 0 7-14, 745
Mice 150-300 i.p. 3 744, 746, m, 363
Mice, rats 400-600 per os 2 748, 749, 750, 751
Mice 60-120 i.p, 2 638
Mice, rats 40-70 i.p, 2 752, 638
Rats 60 i.p, 2 638
Mice 50-60 i.p, 2 752,638
Mice 25 i.p. ° 638
Mice 250 i.p. 0 638
Rats 150 i.p. 0 638
Mice 240-480 i.p. 3 753.636
Mongrel dogs 100 i.p, 0 754
Macaca mulatta 200-250 i.p, 3 755

monkeys
Mice 150 i.p, 2 637

Mice, rats 800--1,000 i.p . 3 7-1-1, 756, 757,745
Rats 2,000 per os ° 745
Mice, rats 120-250 Lp. 2 752, 638, 747
Mice 240 i.p, ° 6.17
Mice 250-300 i.p, 1 752,738
Mice 350-550 i.p, 0 7·16,752, 738
Mice 150 i.p. 0 638
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N-Atkyl and N-aryl derivatives of cysteine and cysteamine

Cysteine. o. 0 •••••• 0 •••••••• 0 •• 0. 0 •••••••••••• 0 •••

Cysteine 0 •••••••••••••••• 0 •••••• 00

Cysteamine 0 •••••••••••• 0 ••••••••••••••••••••

Cystine , .0 •••••••••••••••• 0" •••••••

Cystamine. 0 •••••••••••••••• 0 •• 0 •••••••••••••••••

Cystamine .... 0 •••• 0 •• 0 ••• 0 ••• , ••••••••••• 0 •••• , •

N-Monomethylcysteamine , 0 ••••••••

N-Dimethylcysteamine 0.' 0 ••••• ' o. 0 •••••• 0.

N, N l-Tetramethylcystamine , 0 •••••• 0 • 0 ••• , ••••

N-Diethylcysteamine. 0" ••• , •••••••• , •••• , •••• o. "
NvPiperidylcysteamine ..... o' •• 0" •••••••• , •••• " ••

N-Methylphenylcysteamine .. 0 ••••••••••••••••• , ••

N-Phenylcysteamine ... 0 ••••••••••••••• , , •••••••••

S,2-Aminoethylisothiruonium bromide HBr (AET) , .
S,2-Aminoethylisothiuronium bromide HBr.. , , .
S,2-Aminoethylisothiuronium bromide HBr.. , .

S,2-Aminoethyl-N-methylisothiuronium chloride HCI. 0

Com:/Jouna

Ns-Acyl derivatives of cysteine and cysteamine

Glutathione . . ........ . ..~ , .
Glutathione '.' .
N-Acetylcysteamme 0 ••••

N-Acetoacety1cysteamine , 0 ••••••••

Aletheine. , , , .
Pantetheine 0 •••••••••• 0 , ••••••••••••••••• :

N-Acetylmethylcysteamine 0 •••••••



TABLE X.737 CHEMICALS USED FOR PROTECTIVE EFFECTS (continued)

~ompounds with pronounced pharmacological and toxicological activity

Histamine....... Mice

Compo,tnd

Compomms with covered suifur function

ex-Homocysteine thiolactone .
N ,S-Diacetylcysteamine .
S-Methylcystearnine .
S-Benzylcysteamine .
Methionine , .
S,2-Dimethylaminoethylisothiuroniumchloride HCI. .
S,2.(1-Morpholyl) ethylisothiuroniurn bromide HBr. ..
Di(ethylaminoethyl)sulfide .

Compounds with branched or prolonged carbon chain

3 -Mercaptopropylamine .
3 -Merca ptopropylguanidine .
Homocysteine .
r-Mercapto-s-diethylamlno pentane .
I-Mercapto-7-aminoheptane , , .
c.-Methylcysteine " .

Thdois with alcoholic or carboxylic acid groups

Thioglycolic a~i? .. : ...........................•..
Mercaptosuccinic acid .
2,3-Dithiopropanol (BAL) .

Di thiopentaerythrit. .

rhiophenols

2-Mercaptothiazoline .
1 (-)-2-Thiolhistidine...........................• , ..
Ergothioneine .
4,6-Dimethyl-2-mercapto pyrimidine .
o-Aminothiophenol. , .........•.

Wiscellaneous mlJur-containing substances

Ammoniumdithiocarbonate .
Diethyldithiocarbarnate , , , .
Thiourea .
Thiocyanide .
Thicacetamide .
Sodium tetrathionate .
Sodium sulfide .

Tryptamine .
Serotonin .

DOPA ·.·· .
Tyramine , .

Hydroxytyramine .

Arterenol , , .

Epinephrine " , ..

Amphetamine .
Ephedrine , .

Oxytocine " " .

Reserpine .
Sodium cyanide , '"
Malononitrile .
p-Aminopropiophenone .
Apresoline " , .

Amine oxides , , .....................•

Animal

Mice
Mice
Mice
Mice
Mice
Mice
Mice
Mice

Mice
Mice
Mice
Mice
Mice
Rats

Mice
Mice
Mice, rats

Mice

Mice
Mice
Mice
Mice
Mice

Mice
Mice
Mice
Mice
Mice
Mice
Rats

Mice
Mice

Mice
Mice

Mice

Mice

{
M ice
Chickens
Mice
Mice

Rats, mice

Mice
Mice
Mice
Rats
Mice

Mice
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Dose mg/kg
Protective

effect*' Re/erenen

+ 758
280-320 i.p, 0-1 339,636,752,738
850 i.p. 0 744
160 i.p, 0 738
500-1,500 i.p. 0 738
350 i.p, 0 637
150 i.p. 0 637
140 i.p, 0 752

90 i.p, 3 752
125-250 i.p. 3 637
450 Lp, 2 738
35 i.p, 0 638
40 i.p, 0 638
100 i.p. 0 638

180 i.p, 0 744,738
350 i.p. 0 744
150-200 i.p, and 0-1 82, 752, 737

s.c,
75 l.p, 0 759

100 i.p. 0 637
420 Lp. 0 759
500 i.p, 0 744
270 i.p. 0 759
50 i.p, 0 759

500 Lp, 3 760
600 i.p, 3 760, 761
2,500 l.p, 2 762, 763, 738, 760, 764
200 i.p, 0 744
150 i.p, 0 744,759
150 i.p. 0 750
5 i.v, 0 745

220-350 Lp, 2 744, 746
500 i.p. 0 765

75-95 i.p. 3 744, 746, 765
95 i.p, 3 746

25 I.v, 3 766
95 i.p, 2 746
80-275 i.p. 3 744, 746

80 i.p, 0 765
50 i.p. 0 765

75-300 i.p. 3 744, 746
3-5.5 i.p. 2 746

2.75 i.p. 0 765
0.7-1.4 i.p, 1 767, 768
5 i.m, 1 605
1 i.p. 1 766
78 i.p. 0 746

6 i.p, 0 766
23-40 units/kp 3 767, 769

i.p.
4 s.c, 3 644
5 i.p. 2 744
6.5 i.p, 3 744
15-30 l.p, 3 770
10 i.p. 2 771

10 s.c, 2 771
250 or. 2 772

•



TABLE X.TaT CHEMICALS USED FOR PROTECTIVE EFFECTS (conlinu~d)

Compound

Various metaboliles ana "inert" compounds

Fructose .•.•..•.••••••.•.............•.•.•.•.....

Glucose..•.••..•••••..•..•....................•..

Propylene glycol. •.••..•....••........•.•....•...•
Glycerol ....•...........•.•......•.•........•...•
Formic acid ..••....•....•..........•...••........
Pyruvic acid ...........••.•.••........•.•••.•....

Lactic acid ...•..............................•..•.

p·Ketobutyric acid ........•.......•......••..•..•.
Caprylic acid , , .
Salic?,l!c ac!d ..•..........•.......................
SUCCIWC acid ...........•.......................••
a-Ketoglutaric acid••........... , ......•...•.......
Ethylenediaminetetraacetic acid •..................•

AnImal

Mice

Mice

Mice
Mice
Mice
Mice

Mice

Mice
Mice
Mice
Mice
Mice
Mice

Proua!... -
DOJ~ ""lk, deer> R.!<TIIICtJ-

13.500 Lp, 2 744
5,000 i.v, 0 608,773

13,500 i.p, 1 744
5,000 i.v, 0 773

3,000 Lp, 3 744
185 Lp, 0 744
92 I.p, 2 744
700 I.p. 1 744

250 i.v, 2 608,773
180 i.p. 0 744

250 Lv, 0 608, 773
250 i.v, 1 773
290 i.p, 2 744
275 i.p, 2 7«
950 Lp, 1 744
250 i.v, 1 773
580 i.p. 2 744

• Protective effect. The grading of the optimal protective effect
has been carried out according to the following arbitrary scale:
o - no protective effect; 1 .. slight or dubious protective effect
(e.g., a-ketoglutaric acid); 2 = moderate protective effect (e.g.,

formic acid); 3 = strong protective effect (e.g., cysteamine, AET),
i.p "" intraperitoneally; Lv.... intravenously; i.m .... intramu~

cularly; s.c.... sub-cutaneously; or. "" orally.
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Introduction

1. .The radiation from natural sources at any specific
location remains relatively constant with time; it does,
ho.wever, vary from place to place. Natural radiation
ans~s from .two sources-cosmic rays and naturally oc
curring. radio-active materials. While cosmic rays are
predominantly an external source of irradiation, nat
urally occurring radio-active materials give rise to both
external and internal irradiation of the human body.
A. distin~uishing char~cteristic of irradiation by natural
sources IS that the entire world population has been ex
posed to it since the beginning of time and will continue
to be exposed to it in the future.

.2. The biological effect of ionizing radiation varies
WIth the type of radiation, and, in order to take this into
account, a weighting factor is used to obtain the tissue
:lose in. rem fro~ the corresponding absorbed dose in
r.ad. ThIS factor IS known as the relative biological effec
hveness (RBE) and the usual definition is given in
annex .A.. Ho.wever, the RBE factor for a particular type
rf radiation IS not a constant, and varies with a number
rf other parameters such as dose-rate, dose fractionation
ype of biological effect, oxygen tension and temperature:

3. The RBE values given in annex A are those pro-
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REFERENCES

posed for radiation protection purposesv" and are gen
erally thought to ~e rather conservative, particularly in
the case of a-particles and neutrons. For the estimation
of biological damage it is quite probable that lower values
are more applicable. For instance, the 1959 ICRP Com
mittee II report" states the following with regard to the
RBE for a-particles:

"Many experiments" indicate that (RBE) a is
much smaller than 10 for biological damage resulting
from acute exposure-perhaps as small as IA--but
for chronic exposures, much higher applicable values
have been reported." Therefore, until more data for
chronic exposures are available, it would be unwise to
use a value of (RBE) a < 10."

For low energy electrons of :::;; 0.03 MeV, Shtukkenberg"
suggests that the RBE is 2.8-3.0 (i.e., greater than the
usual value of 1.7), when one takes into account the
smaller biological effect produced by chronic irradiation
when compared to a single exposure. In the light of all
the uncertainties, it is thought prudent to use the RBE
values g~ven in annex A in order .toestimate the exposure
pattern m man, but to keep In mind that in general these
v.alue~ will be too high (see ?-lso annex H). Where pos
sible In the present annex, tissue doses will be given in
rem as well as in rad.



I. Cosmic rays

NATURE OF RADIATION

4, Primary cosmic radiation may be divided into
three categories: galactic cosmic radiation, g.e0!Uagnet
ieally trapped radiation, and solar cosrrnc radiation,

(a) Galactic cosmic radiation presents a ~ore or l.ess
constant space environmental factor,. and Its ~artlcle

composition has been quite well deterJ?med. Outs~de the
atmosphere at latitudes above 55°, primary cosmic rays
of galactic origin consist of 87 per cen~ protons! 12 per
cent alpha particles, and 1 per cent heavier nuclei (C, N,
0, Mg, Ca, Fe).7-10

(b) Geomagnetically ~rapped. radiation is the sec(:>nd
category. At higher altitudes, III regions symmetrical
with regard to the magnetic equator, there exist t;vo
radiation belts containing electrons and protons which
have been captured by the magnetic field of .the earth,11-H
The inner belt begins at about 1,000 km altitude, reaches
a maximum intensity at about 3,000 km and extends
from 30° N to 30° S. The outer belt begins at an altitude
of about 12 000 km, passes through a maximum inten
sity at about'15,000 km and exten~s fT<?m 60° N to 6.0° S.
The energy spectrum of the particles. III each belt differs
considerably but has not been Illvestl~at~d fully enou~h
to give an accurate estimate of the radiation dose-rate m
these regions. The dose-rates will be de1?endent o.n 0e
amount of shielding assumed and, for the inner radiation
belt values of 10 and 120 rad per hour have been sug
gested15 , 1G for 1 and 2 g per cm" shielding respectively.
Dose rates in the outer belt may be of the order of 10"
rad per hour-' owing to soft electron bremsstrahlung,
but this can be reduced considerably by shielding. A fur
ther high intensity field of low energy electronsvP is to
be found at high latitudes (> 60°) and altitudes (> 25
km) and is associated with auroral processes.

(c) Solar cosmic radiation is the third major radiation
phenomenon. Large fluxes of protons are observed to
reach the vicinity of the earth following severe solar
flares which occur on the surface of the sun. Because of
the potential danger of space travel and because of the
relationships to solar physics, magnetic fields, and many
geophysical events, this radiation is under intense study.
Solar cosmic ray events may be divided into two classes:
"high energy" and "low energy". During high energy
events a significant number of particles have energies
high enough to produce effects observable by ground
level neutron monitors, whereas high altitude measure
ments or riometer measurements are necessary to detect
the low energy events. The high energy events appear to
be much less frequent than those of low energy. Only
five such events were detected during the twenty years
preceding 1959; however, an additional five events have
been detected during 1959 and 1960, three of which
occurred in one month, November 1960. The low en
ergy events, on the other hand, have been observed to
occur at the rate of ten per year since 1957. The most
intense high-energy outburst of solar protons recorded
to date was observed following the great solar flare of
23 February 1956. Shortly after the beginning of the
flare, solar particles with energies of several Bev began
striking the ionosphere. Data available from a number
of flare events seem to indicate that the initial flux
reaching the vicinity of the earth may be rnonodirec
tional with the flux, then becoming isotropic after about
the first hour. There is also some evidence that the
spectrum of the initial particles may be considerably
harder than that of those arriving later. Measurements
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made with the Pioneer V space probe have been some
what enlightening on the behavior of solar protons in
free space. The probe encountered. o~ttbursts of solar
protons at a distance of about 5 million km fr?m the
earth during the period from 27 March to? ApnI1960.
Unlike the radiation belts, the solar particles are. not
restricted to a small region of space that could be avoided
or traversed rapidly, but would apparently be encoun
tered throughout the solar s~stem.. Conseque~t1y, steps
will have to be taken to shield directly against these
particles in order to achieve manned missions of any
appreciable time duration.

5. The primary particles interact with nuclei of the
upper atmosphere, producing secondary radiation, which
consists of mesons electrons, photons, protons and neu
trons-all with a very wide range of energies. Electrons
and photons constitute the soft component of the se~

ondary radiation, protons and neutrons the nucleonic
component. The primary radiation intensity gradually de
creases with decrease in altitude and at about 20 km it
has practically disappeared, so that below thi.s altitude
cosmic radiation is almost entirely secondary m nature,
In the altitude region above 20 km, the proportion of
secondary radiation rapidly decreases until, at about SO
km, the radiation dose-rate is due predominantly to the
primary component, except in the case of the auroral
regions and the inner and outer radiation belts (para. 4).
The increase in cosmic radiation dose-rate with altitude
is such that above about 2 km, cosmic radiation becomes
the major dose-rate contributor in man.

RADIATION DOSE-RATES

6. The radiation dose-rate due to the ionizing com
ponent of cosmic rays is generally estimated by measur
ing the number of ion pairs per cm"/sec, using an ene~gy

independent ionization chamber, and then converting
this value to the rate of absorption of energy assum
ing that 34 eV are required to form I ion pair. Many
measurements of this type have been made. These meas
urements, however, do not take into account the radia
tion dose-rate due to the neutron component of cosmic
rays, and this must be measured separately. Many meas
urements of cosmic ray neutron flux have been made but
there are relatively few estimates of the resulting tissue
dose-rate. This is due to the fact that the tissue dose-rate
is very dependent on the neutron energy spectrum"
which is extremely difficult to determine. The cosmic
radiation dose-rate often used as a "base level" is that
at sea level for high altitudes (r-' 70°). There are indi
cations2 1

, 2 2 that the most reliable figure for the ionizing
component in this region is 1.90-1.96 ion-pairs per
cms/sec, which gives a soft tissue and gonad dose-rate
of about 28 mrad/y.

7. The cosmic ray neutron component results in a
tissue dose-rate which, at sea level for middle latitudes,
has been estimated by Patterson et al.2 3 using three dif
ferent type neutron detectors, which could respond to
different ranges of neutron energy. Patterson's calcula
tions show that the dose-rate from the neutron compo
nent of cosmic rays at sea levels is 25 mrerri/y. This esti
mate is the dose-rate at the skin using the values of RBE
established by the United States National Committee on
Radiation Protection and Measures and ignores the ab
sorption of neutrons in building structures and the body
itself. It has been assumed that there is an average of 10
cm of building materials in roofing materials, timbers
and ceilings, and that the average depth of the gonads and
bone-marrow is 4 cm. By applying corrections for the



* See annex A for comment on RBE values used,
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paragraph 4. Figure 1 gives the measured variation of
cosmic radiation dose-rates in rnrern per year with alti
tude for the ionizing cornponent'" at 3° Nand 55° N, and
for the neutron cornponent-" in the latitude range 28
49° N. The significance of curves A and B is explained
in paragraph 15.

Figure 1. Variation of cosmic radiation level with altitude

VARIATIONS WITH TIME

15. Time variations of cosmic ray intensity result
from a number of causes including solar flares, the 11
year solar cycle, the 27-day lunar period, temperature
changes in the upper layers of the atmosphere, baro
metric pressure changes and air fronts. The modification
in cosmic ray intensity which is associated with the
l l-year cycle'" of solar activity is most pronounced for
the lower part of the energy spectrum of the primary
cosmic radiation and is therefore only evident at high
altitudes where it results in a minimum intensity at the
period of maximum solar activity. This is illustrated by
curves A and B in figure 1 which show'" the total ioni
zation as a function of altitude in 1954 (curve A) when
the sun was at its lowest ebb in twenty-two years, and
in 1937 (curve B), a year of high solar activity.

16. Further variations associated with the sun are
the so-called cosmic ray storms which are of short dura
tion, one day up to a couple of weeks. They start with a
sudden decrease, or series of decreases, in cosmic ray
intensity and are followed by a slow recovery. These
storms and decreases in intensity are correlated with the

14. Typical values for the total cosmic radiation tissue
dose-rates for various altitudes at the equator, 30° and
50° latitude, have been estimated, assuming that Patter
50n's28 results for the neutron component at various
altitudes apply to a latitude of 50° and that the latitude
variations are as suggested in paragraphs 10-11 (table I) .

10,000

.;;-if 1,000
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~
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absorption of the various energies of neutrons, assuming
these materials to be tissue equivalent, and assuming
that the average time spent out of doors is seven hours
a day, the resultant tissue dose-rate is 13 mremyy, -(These
data are based on the depth dose curves for neutrons
given in reference 24.) This is probably more reliable
than the value of 18 mremjy for sea level at 51° N given
by Tobias" whose estimate was based on measurements
using a single type neutron detector which did not give
a direct measurement of fast neutron flux, the most criti
cal portion of the neutron energy spectrum with regard
to dose-rate considerations. According to Shtukken
berg's25 calculations, the cosmic radiation fast neutron
(> 10 MeV) tissue dose-rate at sea level is approxi
mately 10 per cent of the total dose-rate. He suggests
that the total dose-rate resulting from cosmic radiation
is 88 mrem/y, if an RBE value of 10 is assumed for
densely ionizing particles with energies up to 15 MeV,
and 57 rnrem/y, if a value of 6.5 is used.

8. It is therefore suggested that 50 mrern per year
be taken as a typical value for the total cosmic radiation
tissue dose-rate for sea level at middle latitudes. The
value is subject to variations with a number of parame
ters, as discussed in paragraphs 9-18 below.

VARIATIONS WITH ALTITUDE

13. The variation in composition of the cosmic radia
tion with altitudes up to 50 km has been described in

VARIATIONS WITH LATITUDE AND LONGITUDE

9. Cosmic ray intensity exhibits a latitude effect which
is due to the earth's magnetic field preventing the incom
ing primary particles below a certain critical minimum
energy from reaching the earth's atmosphere. This crit
ical cut-off energy decreases with increasing latitude,
the net result being that the cosmic ray intensity at the
geomagnetic equator is lower than at other latitudes.
The intensity remains relatively constant between 15° N
and 15° S, then shows a rapid increase until about 50°
latitude, after which it remains practically constant again.
The latitude effect is generally expressed as the per
centage increase at 50° over the intensity at the equator.

10. The average values" for the latitude effect of the
ionizing component of cosmic radiation at sea level is
10 per cent. The percentage increases slowly to a value of
about 30 per cent at an altitude of 5 km and then much
more quickly to a value of about 350 per cent at the
transition region (about 20 km) of the atmosphere
(para. 15).

11. Since the neutron component of cosmic radiation
includes neutrons produced by interaction with the at
mosphere, it also exhibits a large latitude effect." At alti
tudes from sea level up to about 3 km, the latitude effect
is about 150 per cent and at 9 km, is about 250 per cent.

12. Changes in cosmic ray intensity with longitude
are expected to occur" since the magnetic centre of the
earth and the geometrical centre do not coincide, the
magnetic centre of the earth being approximately 300 km
f ram the centre of the earth along a line passing approxi
mately through 10° N geomagnetic latitude and 160° E
longitude. The intensity of the ionizing component at
sea level has been found to vary about 5 per cent along
t~e geom';lgnetic equator," the effect diminishing at
Irigher latitudes."? The nucleon intensity shows similar
but larger intensity variations with change in longi
tude.27 •
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number and size of sun spot groups as well as the ap
pearance of solar particles." Therefore they also follow
the ll-year solar cycle.

17. The sun also acts as a powerful source of cosmic
radiation during prominent flares. The spectrum of pro
tons produced by these flares is much more enhanced in
the low energy portion than that for the primary cosmic
radiation'" and in most cases moderate amounts of
shielding willbe effective. The largest flares, for example
the giant flares of 4 May 1960 and of 23 February 1956,
may, however, produce dose-rates which are quite high
at altitudes of the order of 10-20 km and their effect is
considerable even at sea level. Calculations for the Feb
ruary 1956 increase show'" that the integrated exposure
over the duration of the increase was 5 to 10 rad at an
altitude of 15 km. Solar particles produce a strong influx
at high latitudes of protons having energies from a few
tens to many hundreds of MeV. As these protons con
tinue to bombard the earth's atmosphere for days they
may represent a major radiation problem in the strato
sphere especially as they may produce dose-rates of the
order of 10 remjhr at 20-25 km altitude. sa During years
of high solar activity a dozen or more such events may
occur per year.

18. The neutron intensity would also be expected to
exhibit a dependence on solar activity corresponding to
the solar modification of primary cosmic radiation.
Short-term variations at high altitudes and latitudes and
associated with periods of high sunspot activity have
also been observed. For instance, Simpson'" reports in
creases in intensity of at least 30 per cent at 9 km alti
tude which persist for the order of days. Further varia
tion in the neutron component will also occur near the
earth's surface due to alterations in the moisture content
of the soil, and it is also affected by the moisture content
of dense cloud formations."

II. Natural radio-activity in the earth's crust

NATURALLY OCCURRING RADIO-ACTIVE NUCLIDES

19. Naturally occurring radio-active materials are
widely distributed throughout the earth's crust and the
resulting gamma ray dose to mankind varies from a
value somewhat less than that due to cosmic rays to
values many times higher. Some of the more important
of these nuclides are the long-lived U2S8, Th282 and
Ra 226 (and their shorter-lived daughter products), K'O
and the cosmic ray produced isotopes CH and I-P. Other
isotopes such as Rb8T, La18a, SmHTand LulTGalso exist
in nature but their abundance is so low as to make a
negligible contribution to the dose received by mankind.
The physical characteristics of some of these isotopes are
given in table n.

CONCENTRATION IN COMMON ROCKS

20. In general, natural radio-nuclides are found to be
more concentrated in granitic rocks than in basaltic
rocks. 58. 50 Limestones and sandstones are low in radio
activity, but certain shales are more radio-active, espe
cially those containing organic matter.s'' Marine sedi
ments appear to be more radio-active than either non
marine or estuar ian deposits. 58

URANIUM. AND THORIUM

21. Uranium ore has been found in large quantities
in Australia, Canada, Czechoslovakia, Republic of the
Congo (Leopoldville), South Africa, the United States,
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the Soviet Union and other areas. Large deposits of
monazite, the principal thorium-bearing mineral, are
found in Brazil, the United Arab Republic, China, India
and the United States. Although thorium is more abun
dant than uranium, uranium is found ill a much greater
variety of chemical combinations. Table HI shows their
concentration in various rocks, as determined by anum.
ber of workers, expressed as p.p.cjg.

RADIUM-226

22. Ra22G is one of the daughter products of UUB but,
because of leaching and weathering, it is not necessarily
in equilibrium in soil with its long~lived par:nt. There
is a considerable range of concentration In various rocks,
as indicated by table Ill. Particularly high concentrations
are found in alum shales in Sweden, 41, H The Ra~2a Con
centration in the soil in various parts of the United States
has been found by measurement to vary between 0.09
and 0.8 p.p.c/g soil. 20

POTASSIUM

23. Potassium is relatively abundant in nature. Its
radio-active isotope K'o constitutes 0.OU8 per centilof
the total amount of potassium and contributes'! 28 P-dps
per g K and 3.45 y-dps per g K. The KfO content of vari
ous rocks is given in table Ill. It has been estimated that
the potassium content of soil is about lQ-3 to 3 X 10-2 g
Kjg soilf5 (1 to 30 p.p.CKfO/g soil.)

RN~~2 AND RN220 IN THE EARTH'S CRUST

24. Since uranium and thorium are almost univer
sally distributed, their respective short-lived gaseous
daughter products, Rn222 and Rn220, accumulate in soil
and rocks. The daughter products of this trapped Rnl22

and Rn 22D contribute over half the observed gamma
activity of uranium minerals." The RnU2 and Rn220 in
the soil diffuse into the air at a quite variable rate, de
pending on a number of factors including moisture con- I

tent of the ground," presence of snow," amount of rain
fall,'8,49 conditions in soil and atmosphere, particularly
atmospheric turbulence and pressure.

DOSE-RATES FR01>1 THE EARTH'S CRt'ST

25. The gamma dose-rates in air over radio-active
rocks and soils can be calculated from the energies,
absorption factors and relative abundances of the vari
ous component gamma rays, allowance being made for
scattered radiation. The expressions obtained by Hult
qvisr" and O'Brien et aI.50 for the gamma dose-rates in
air above ground containing uniform concentrations of
U288, Th28 2 and K40 agree to within 10 per cent. The
average of their expressions gives the following relations
between the dose-rate in air (D, mrad/r.) at a height of
one metre above ground containing uniform concentra
tions (S, p.J.4c/g) of U 288, Th~s2 (both in equilibrium with
their daughters) and K'o:

Du = 17.8 X Su, !
DTh = 25.5 X Srh
D K = 1.56 X SK

. 26. T~e ,a-p~rtic1e emission of these naturally-occur'
nng radio-nuclides can contribute an external dose to
the human skin. These skin dose-rates have been calcu
lated by O'Brien et aI.50 for ,a-emission from um, Th232

and KfO in soil assuming homogenous distribution and
complete equilibrium between the DUB and Th"" and
their decay products. The external contribution to the
dose-rate delivered to susceptible organs (such as



gonads, bone, etc.) resulting from ,a-emission, must be
regarded as negligible.

27. Typical estimates of the average dose-rates in air
at a height of one metre above limestone may be of the
order of 20 mrad/y and that for granite areas may be
of the order of 150 mrad/y. It is obvious, however, that
there will be quite large variations in these values, and
this is borne out by the measured terrestrial dose-rates
in air reported for areas in various countries as given
in table IV. Further, much higher values are reported
for some areas, e.g., monazite sands, where the uranium
and thorium contents are very high (see section VII
below).

28. The terrestrial gamma dose-rate inside buildings
will, generally, be different from the value out of doors
owing to the different radio-active content of the build
ing materials and also the attenuation effect of the walls
for the radiation from sources outside the building.
A further small increase in dose-rate may be produced
by the accumulation of Rn222 and Rn 22 0 as a result of
poor ventilation in the buildings (see section IV below).
Reported terrestrial dose-rates in air inside buildings in
various countries are given in table V.

29. In order to obtain tissue dose-rates to specific
organs due to external gamma sources, allowance must
be made for attenuation by intervening portions of the
body. O'Brien et al.50 have calculated the dose-rates in
rrian at various depths as fractions of the free-air gamma
dose-rates. Assuming that the testicles, ovaries and
bone-marrow are at depths'" of 1, 7 and 4 cm, the re
sulting screening factors are 0.68, 0.58 and 0.62, respec
tively. These are in very good agreement with the
a verage experimentally determined screening factors ob
tained by Spiers'" using a water-filled model-O.70, 0.56
and 0.64 respectively. It is, therefore, suggested that a
value of 0.6 be used as the screening factor for gonads
and bone-marrow in the case of terrestrial radiation.
(F Ill, 18)

30. The estimation of mean dose-rate to a population
should be made by a carefully planned series of measure
ments of dose-rates both indoors and out of doors and
then weighting the measurements according to time spent
in each place. A very good example of such a survey is
one which was recently made ill four areas in the United
K'ingdom." The mean values of local gamma-radiation
dose-rates obtained are given in table VI. In computing
the mean dose-rates to the gonads and bone marrow,
screening factors of 0.63 and 0.64 respectively were used
and it was assumed than an average of six hours per
day per person was spent out of doors.

31. Insufficient measurements have been made to en
able a reliable estimate of the mean dose-rate to the world
population to be made. It should be pointed out that the
major part of most people's lives in most areas of the
world is spent inside buildings. With this in mind, con
sid eration of tables IV and V seems to indicate that,
except for certain regions of high activity, the average
:errestrial gamma dose-rate in air is of the order of
30 mrad /y, i.e., a mean gonad and bone dose-rate to the
v orld population from terrestrial gamma radiation is
m.ly about 50 mrad/y (para. 29).

Ill. Natural radio-activity in water

32. An extremely wide range of natural radio-activi
ies exists in various types of water, depending largely
rpon their origin. The levels of natural activity originat-
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ing from uranium and thorium series are found to be
high in certain natural springs which are found in areas
where there are high concentrations of uranium and
thorium in the soil. Similarly, drinking water exhibits
wide variations Of activity depending upon its origin
and on the treatment it receives before it becomes avail
able for consumption. High levels of natural potassium
40 activities are found in sea-water.

PUBLIC WATER SUPPLIES

33. Public water supplies are of interest since drink
ing water is one of the modes of entrance of natural
radio-activity into the body. Table VII gives concentra
tions of Ra226and Rn222present in various public water
supplies. It should be pointed out that the radium con
tent of water is reduced by the introduction of filtration
and/or softener systems, so that the intake of radium
from a particular supply may be modified in the case
of some individuals by the use of domestic water soft
eners. Lucas'" quotes a case where one of these units
(ion-exchange type) removed 98 per cent of the Ra22G
present in the normal water supply.

34. Many drinking water supplies will also contain
naturally occurring Th2s2 and/or its decay products.
Krause" has investigated the Ra228 content of twenty
six samples of well-water from the Illinois (United
States) sandstone area and has compared them with the
Ra 226 contents of the same samples which had been pre
viously measured by Lucas." The Ra228/Ra226 ratio cov
ered an extremely wide range of values, 0.04 to 2.43,
with an average of 0.60. The Ra22Bconcentrations ranged
from 0.9 to 7.9 p.p.c/l, whilst Ra226 went from 3 to
36 P.ILC/1.

OCEAN WATER, RIVERS AND NATURAL SPRINGS
35. Typical concentration of U2SB, Ths82, Ra22Gand

K40 in sea-water are respectively 0.2-9 /Lp.c/I/7 0.1
UG-B p.p.c/I,58 0.02-0.3 p.p.c/15G and 300 pop.c/l.eo Table
VIII gives the concentrations of U2a8, Ra226 and Rn222
present in various natural waters and springs. Spring
waters may exhibit extremely high radio-active concen
trations, particularly of Rn222, but as they are consumed
regularly only by a very small percentage of populations,
and since Rnm ingested from drinking water probably
has a mean life of about one hour in the body,61 the re
sulting mean dose to the world population from spring
water is negligible.

SKELETAL RA226 CONTENT DUE TO DRINKING WATER

36. The skeletal content of Ra220 is determined by its
introduction into the body through food, water and, to
a lesser extent, air. Muth et al.6 2 have shown that under
normal environmental conditions only about 10 per cent
of the Ram enters the human body through water and
about 90 per cent from food. When the Ra226 concen
tration in water is relatively high and the intake from
water exceeds the intake from food, some correlation
is found to exist between the skeletal concentration and
the concentration in water.P" With relatively low (nor
mal) Ra 226 concentrations in water, no such correlation
is observed as the skeletal Ra22B content is then basically
determined by its intake from food.

IV. Natural radio-activity in the lower atmosphere

RN222 AND RN22 0 AND THEIR DECAY PRODUCTS

37. Wherever there are uranium or thorium bearing
minerals present in the soil, the gaseous decay products
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measurement of local gamma-radiation dose-rates that
have been made and so is allowed for in the average local
gamma dose-rate given in paragraph 31.

41. There will also be a further total body tissue dose
produced by the Rn222 and Rn220 in the air resulting
from that portion which is transferred via the blood
from contact with the alveolar air. Using Spiers'" results,
the total dose-rate to soft tissues due to the inhalation of
air containing 0.5 p.fJ.cjl of Rn222 in equilibrium with its I

daughter products, is of the order of 3 mrem per year,
Ruzer's results" indicate that the whole body dose-rate
due to the inhalation of 0.5 JkfJ-c/1 of Rn222 is of the order ,
of 0.01 mrem per year.

42. The dose-rate to the lungs from Rnm and Rn22~

and their decay products occurs as a result of deposition
and/or passage back and forth through the tracheo
bronchial tree of these decay products" and depends
largely on their size, specific activity and percentage of
uncombined atoms," since these determine the amount of
radio-activity retained in the lungs. Rn 222 and Rn220,
being gases, are retained only to a very small extent,
and so do not make a very large contributon to the dose
rate. Stannard'" gives the mass deposition of small par
ticles in the respiratory tract (figure 2), derived from
the results given by Hultqvist.Y Values for dose-rates
to the lung for exposure to Rn222 or Rn220in equilibrium
have been calculated by various workers. For instance,
using the expressions of Hultqvist," Morgan,? Ruzer,"
Shapiro," and Schraub.:" values are obtained of 20 mrad
(200 mrern) , 90 mrad (900 mrem) , 10 mrad (100
mrem ), 10 mrad (100 mrem) , 250 rnrern, respectively,
for the annual dose to the lungs from a continuous con
centration of 0.5 p.p.c/l Rn222 in equilibrium. The varia
tions in these estimates are chiefly due to the differences
in the assumption regarding time spent in the relevant
locale, respiration velocity and the weight of the irradi
ated lung tissue. H ultqvist'" has estimated the dose-rate

0.2 0.5 1.0 2.0 5.0
PClrtlcle Ilze - micron.

Figure 2. Percentage mass deposition of small particles in the
respiratory tract
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Rn222and Rn~.l2O are injected into the atmosphere by dif
fusion (para. 24). The rate of injection varies consider
ably with seasonal and meteorological conditions. Meas
urements of Rn222 and Rn220 and/or their daughter
product activities is often carried out by a combination
of filtration and ionization chamber or scintillation meth
ods.oS The daughter products, in the form of ionized
atoms attach themselves to the aerosols and dust par
ticles ~hich are always present in the air. The collection
efficiency of filter papers for these particles is often very
uncertain and depends on the linear air velocity through
the paper and the size range of the dust particles in the
air. M , 6 5 Thus, in low dust atmospheres such as those of
air-conditioned rooms, the retention of the daughter
products by filter papers may be very low. Ion collec
tion efficiency may, however, approach 100 per cent by
the application of a suitable electric field." In addition,
the Rn222 and Rn220 present in the atmosphere are not
necessarily in equilibrium with their daughter products
and will also contain varying fractions of uncombined
atoms of daughter products, both of which affect the
dose-rate to the lungs upon inhalation (para. 42). The
concentration of Rn222 and Rn220 will also vary with
height, for instance the average value at a height of
10 m for Rn222 is 90 per cent of that at ground
level.25, o7 , 68 Rn220, by virtue of its very short half-life,
will virtually have disappeared at heights of 10-20 m.
The average concentrations of Rn222 and Rn220 present
in free air at ground level in various regions are given
in table IX. Values are particularly dependent upon the
length of time the air mass spends over continental land
masses. 67,69,70 Also, in areas of high radio-activity and
under special meteorological conditions, e.g. smog and
temperature inversion, values may be higher by several
factors of ten.

38. As the majority of the people spend a large part
of their time in buildings, the average natural radio
activity concentration in air which refers to the world
population is more dependent upon the level in buildings
than in free air. In general, the level indoors is higher
than that out of doors and it is dependent upon the
building construction materials and the ventilation con
ditions. The level out of doors will determine the con
centration that will be reached by very efficient ventila
tion of the building. The results of measurement by
Hultqvisr" in three types of buildings in Sweden for
conditions with and without ventilation are given in
table X. A ventilation rate of lQ-s/sec was used, i.e., the
air in the building was renewed every seventeen minutes.

39. Reported Rn222 content of the air indoors at vari
ous localities is given in table XI. Consideration of these
data indicates that the best estimate of a "world average"
concentration of Rn222 in air may be of the order of 0.5
fJ-p.c/l. The corresponding figure for Rn 220 may be of the
order of 0.02 fJ.fJ.c/l.

40. The external gamma dose-rate in air (D) pro
duced by a concentration of C p.p.c/l of Rn222 or Rn220 in
equilibrium with their decay products per litre of air can
be calculated by Hultqvist's relation :42

D = 14C mrad/y
In obtaining the dose to various body organs allowance
must be made for body shielding. The screening factor
o~ 0.6 u~ed previously for terrestrial radiation (para. 29)
will ag~l11 be used here. Hence, for "average" air con
c~ntratlOnsof Rn22~ and Rn220 (para. 39), the total body
tissue dose-rat~ w111 be of the order of 4.5 mremjy.
It should be pointed out, however, that this contribution
to the tissue dose-rates will have been included in any
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in nat~re ..Thus, for example, the C1S/C12. ratio in plant
material IS 1.7 per cent less than that 111 the atmos
phere8

, 70 and the change for the C14/C12 ratio is twice
this amount.80,81

to the lungs from Rn222and its decay products and from
RnZ20 and its decay products in the case of radio-active
equilibrium and also where this equilibrium has been
greatly disturbed by a high ventilation rate (lO-s/sec.).
The dose-rates to the lungs along with the average con
centrations of Rn222 and Rn220 in air for three types of
buildings in Sweden are given in table X. It is apparent
that the lungs receive a higher irradiation from natural
sources than any other body tissue.

PB210, BI 210mAND P 0210

43. The daughter products, P o218, Pb214, Bi214 and
P0214, because of their short half-lives, are normally not
very far from secular equilibrium with the parent Rum,
but the concentrations of Pb 210, Bi210m and P 0210 will be
relatively much lower at ground level than their equi
librium values, as they will be washed out of the atmos
phere long before equilibrium has been reached. Meas
ured levels of Pb2w , Bi:21.0mand P 0210 in the air at ground
level are given in table XII. These concentrations are
insignificant with respect to dose considerations.

Production of natural Cl4.

47. The C14 produced in the atmosphere owing to ab
sorption of cosmic ray neutrons may be estimated from
flux-energy data and the neutron cross-sections of the
various constituents of the atmosphere. These cosmic
ray neutrons are entirely secondary in nature.

48. The neutrons are slowed down by collision and all
ultimately undergo neutron capture by nuclei present in
the atmosphere. It is generally assumed that virtually all
of the cosmic ray neutrons result in CH production."
i.e., the N14 (n,p) 0' is the only reaction of importance.
However, Hess et al.83 conclude that only 67 per cent of
cosmic ray neutrons are captured by this process, 16 per
cent are captured by other processes, 17 per cent leak
out of the atmosphere, and 0.2 per cent are captured by

CARBON-14* the earth.

44. Carbon is one of the elements that are essential to 49. The short-term variation of cosmic ray neutron
d flux with time, altitude and latitude is considerable

all forms of life an thus is involved in most biological (paras. 7, 11, 12, 14, 18), making it quite difficult to
and geochemical processes on the earth. Associated with obtain an average value for neutron production to be
the stable isotopes of carbon (C12 and about 1.1 per cent d
C 1 3 ) , there is always a very small but variable amount of use for the estimation of Cl4. production. The compu-

. 5 tation of the cosmic ray CH production rate has been
CH, a pure ,8-emittmg (E rnax = 0.16 MeV) radio- carried out by several worlcers82-8a who have obtained
active isotope of carbon with a half-life of 5760 ± 50 values ranging from 1.3 to 3.1atoms/cmv/sec. (i.e., aver-
years." age 2.2 atomsy'cm'[/sec which is equivalent to 3.4 X 1026

45. CH is formed upon absorption of neutrons in the atoms CH/y/earth's surface).
nitrogen nuclei of the atmosphere. When the neutrons
involved are of cosmic ray origin, the CH formed is 50. If the average value of the cosmic ray flux has
referred to as "natural", and when the neutrons origi- been constant over the last tens of thousands of years
nate from nuclear testing, the resulting CH is "artificial". (several C14 half-lives), the C14 activities in the carbon

cycle would be in a "steady state" situation, for produc-
46. Due to isotopic fractionation in most processes in tion of CH would be balanced by decay of Cl4.. The spe-

which carbon is involved, small variations occur in the cific activity of C14 would then be given by the following
relative amounts of the three isotopes of carbon found relation:

Specific activity of CH Production rate of CH (atoms/cm2/min)

(disintegrations/min/g carbon) Carbon in exchangeable carbon cycle (g/cm")
2.2 X 60

8.1 dprrr/g r-' 16 dpm/g

51. Experimental determinations of the specific ac
tivity of natural CH in the biosphere have ranged from
12.9 to 15.3 dpm/g carbon,8o-oB the most recent measure
ment being 14.46 dpm/g.aDThe absolute disintegration
rate for C14 in pre-1900 biospheric carbon may thus be
taken to be 14± /dpm/g, which corresponds to a e~/c12
ratio of 1.20 X 10-12.

52. The constancy of the cosmic ray flux with time is
of considerable interest, and three independent types of
experiments have been carried out to give further infor
mation on this question. These three methods, which
Cover different time periods, are:

(a) Measurement of the CH activity in biospheric
samples of known age (time range of several thousands
of years).B2,04-0G

(b) Comparison of radio-carbon and ionium ages of
ocean sediments (time range of a few thousands to tens
of thousands of years). 01

(c) Comparison of observed activities of various cos
mic ray induced radio-isotopes in meteorites (time range
of hundreds to millions of years) ."8

* For discussion on CH see also annex F, part I.

53. All these data support the basic premise that the
average cosmic ray flux has been essentially constant for
hundreds of millions of years, and that any variation over
the time period of interest for natural CH (100-50,000
years) is less than a few per cent. It has been pointed out
by Stuiver-'" that available evidence on sunspot activity
(which is known to affect the cosmic ray level in the
upper atmosphere) suggests some correspondence be
tween sunspot activity and the CH concentration in the
atmosphere, as indicated by tree ring measurements. 05, llJ!;1

Recent measurements of e' variations in an 800 year
old Kauri tree show-v- a gradual increase in the CH con
tent of the atmosphere over the last 850 years which
could be attributed to an increase in the cosmic ray flux.

54. This natural CH in the biosphere results in a neg
ligible external dose-rate to man, and a larger, but still
quite small, dose-rate due to its presence in the body
tissues (para. 82).

TRITIUM

55. Tritium, H3, a radio-active isotope of hydrogen
with a half-life of 12.26 years, is, like CH, continuously
being produced in the atmosphere by cosmic rays, thus
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giving rise to concentrations of tritium in nature: These
natural tritium levels have, since 1952, been modified by
the addition of tritium to the atmosphere by nuclear
weapons tests, especially by high yield fusion devices.

56. The tritium content of molecular hydrogen in the
troposphere of the middle latitude regions of the nor!h
ern hemisphere in 1949-1951,1°2 1954-1956102 and mid
1959108 respectively was about 30, 300 and 1.500 p.p.c/g.H.
The resulting tissue d?se-rat~ due t.o the incorporation
of tritium in the body IS considered In paragraph 84.

BERYLLIUM-7 AND OTHER COSMIC RAY-PRODUCED

NUCLIDES

57. Other radio-active nuclides known to exist nat
urally owing to the interaction of cosmic ray neutrons
with the atmosphere include BeT, Na22, P8~ and S86.
Of these BeT with a concentration of the order of
2 X 10-6 'p,p.c/iitre,104,106 has the highest concentrat.ion.
The tissue dose contribution from each of these nuclides
is negligible.

v. Natural radio-activity in foodstuffs

58. The natural radio-activity in soil and water be
comes transferred to man via the food-chain cycle. Study
of this aspect requires measurement of activity levels in
plants, some of which are used directly as h!lm:m foods,
while others, such as grasses, form the principal food
of animals which in turn themselves become human
food (F II). There is a wide rang~ of activities .in ve~e
tation and there appears to be no simple correlation WIth
the corresponding activities in soil for which the range is
smaller. As there is not much information regarding the
discrimination factors for the soil-food and food-man
processes the dose-rates to particular body organs are
best related to measured concentrations in the particular
organs.

TOTAL ALPHA ACTIVITY

59. A number of measurements have been reported
of total a-activity in various dietary materials, but as the
various daughter products in both the U2B8 and Th282
radio-active series may exist in different degrees of non
equilibrium, the individual isotopes should be identified
in order to obtain the maximum information.

60. An extensive set of data on the total a-activity of
foods has been published by Turner et al.,100 and values
vary from less than 1 up to 1.7 X 10' p,p,c/kg of food.
In general, their ~easurements show loyv activities ~n
milk products, fruit and vegetables, but higher values In

cereals and nuts. They estimate that an adequate diet
will not contain less than 2 jJ.J1.C total a-activity per day,
but it is obvious from the large range of values of
activity in the different foods that small changes in eating
habits can result in a large change in the intake of radio
activity. Mayneord-'" estimates that an adequate Western
diet is not likely to contain less than 5 jJ..jJ..C of a-activity
per day.

RAnIUM-226

61. Regular three-monthly rneasurernents-'" of the
Ra226 content of the various foods in the average diet of
three areas in the United States are being carried out
by the Atomic Energy Commission's Health and Safety
Laboratory and their results are given in table XIII.
By using the Department of Agriculture's food con-
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sumption figures for the United States, Ha1lden and
Fisenne-'" conclude that the average daily intake of Ralll

for the two surveys in New York City, <;:hicago and
San Francisco is 2.4, 1.9 and 1.7 p.p.c respectively, Meas
urements of the Ra226in the diet of infants in New York
Cityl09 indicate that if th: August 1,960 samples are
typical, then the intake of infants dunng. the first year
of their life is 212 p,p.c (0.6 p.p.c/d) of which about one
third comes from milk and one-half from cereals.

62. Muth et al.6% have reported the Ra 226 content of a
wide variety of foods in Germ~y which give a ra.l!ge
of activities 0.1 to 6 p.p.cjkg. Their values, ,some of w~lch

are given in table XIV, agree very well wlt.h the United
States figures in table .XIII. Muth et al. estl1?ate that the
daily intake of Ra226 1S about 3 p.p.c, of which about 10
per cent is contributed through intake of Ra 226 in water.

63. In addition to total a-activities for different foods,
Turner et al.loa reported the Ra226activities for a few of
the same samples. Some of these values are given in
table XV for purposes of comparison with the United
States and German results. It is thought"? that the high
values for cereals migbt be due to a contribution from
Australian wheat for which total a-activity content has
been reported for some samples to be higher than that
for wheat from the United Kingdom and Canada.v"

THORlUM

64. No evidence has yet been found of the presence
of Th2s2in dietary materials. Mayneord and Hilll12 have
published the a-spectrum of a sample of breakfast cereal
made from whole wheat. This shows the two long-lived
a-emitters, Ram and Th22B and their daughters. UlI8
and Th~32 are absent and the Th228 may therefore be
presumed to originate from Ra~28 (a ,a-emitter which
therefore does not appear in the spectru~) rather tha."
by metabolic uptake of the element thorium. Later evi
dencellSon the a-activities of leaf ash indicates uptake of
Ra228 in preference to thorium. Turner et al.1 0G reported
both Ra226 and Th22Bcontents for twenty-three different
food samples, and the average Th228jRa~2'activity ratio
for these was 0.9.

PB21 0, BI2 100l AND pono

65. It has been observed1l2.1l8 that the a-activity ob
served in certain samples of grass is mainly due to the
presence of P 02l0, accompanied by its parent Pbu O (fj-y
emitter). Hilp14 suggests that this largely originates
from a process in which Pb2lO, resulting from the decay
of atmospheric Rn222, together with a fraction of .the
equilibrium amount of its descendant P 0210 are deposited
by rainfall directly on to the foliage. This fractionation is
probably explained by the fact that both nuclides arise
from the decay of a gaseous precursor. It is evident that
P 0 2lO or one of its precursors, such as Rn%22 or Pb210, may
also be taken up directly from the soil. Since snow and
even moderate rainfall can restrict the rate of escape of '
Rn222 from the surface of the soil (para. 24 above), it is
clear that these factors could result in concentration of
Pb2lo, and in turn Pa21O, being produced in the top layer.
The relative uptake by vegetation from the soil and from
direct deposition on the foliage probably varies from site
to site, depending on parameters such as species of plant,
soil drainage characteristics, depth of water table below
the surface, etc.

PO'l'ASSIUM-40

66. K40 is present in a fixed proportion (0.0118 per
cent) of total potassium in all natural materials. The



VI. Natural radio-activity in the human body

69. Mayneordv" finds a large variation of activity for
lifferent soft tissues, 0.15 to l.00 p.p.c/g ash, but the
rverage value of 0.52 p.p.c/g ash agrees very well with
hat obtained for skeleton ash. This leads Mayneord to
.onclude that in the normal human being, about 25 per

cent of the e-emltting radio-active material is in the soft
tissues.''"

THORIUM

75. The presence of Th228in human tissues-" has been
demonstrated by means of a-ray spectroscopy, but, as

RADIUM-226

70. Ra226 is taken into the body through food, water
and, to a lesser extent, air (para. 36). The total Ra22G
content of normal human bodies has been determined by
a number of workers, and values ranging from 3-1400
p.pcobtained. These results are summarized in table XVI,
along with data regarding the number of samples meas
ured, and the average Ra220 content of drinking water
in the area from which the samples were obtained. Where
results are reported in terms of activity per gram ash,
and individual total ash values are not given, it is as
sumed that a 70 kg man produces 2600g skeletal ash and
400 g tissue ash. The results show'" some correlation
with the Ra220 content of drinking water when this source
is predominant.

71. Walton et aU2l measured the Ra 2!0 concentrations
in samples from up to 11 bones from each of 11 bodies
in order to determine the variation within the skeleton.
They concluded that there is no systematic difference in
the radium content of the various bones of the average
skeleton at least to within ± 15 per cent. Departures
from th~ mean of up to 50 per cent do oCCUr in a few
specimens. However, this degree of consistency wi;h~n

the various bones was not confirmed by Holtzman'" m
his measurements of both the Ra 220 and Pb 210 content
of five bones from each of three persons who had been
born in different states in the United States. These re
sults are given in table XVII.

72. There is a distinct possibility that measurements
on teeth may be used as an indicator of Ra 226bone levels,
particularly if water concentrations are constant in the
area. Lucas'" found a value of 0.10 pp.cjg ash for the
average of Ra220 levels in teeth for nine persons which
was almost identical to the 0.11 p.p.c/g ash found for bone
from residents from the same city. The total a-acti,:ity
levels in teeth obtained from the Royal Dental Hospital
were also very similar to those in bones f~o.m persons
who had lived in London.':" Further, the activity of te~th

from the inhabitants of Niue Island,128 an area of high
natural radiation (see section VII below) , is of the order
of ten times that of teeth from the inhabitants of normal
areas.

73. The relative concentrations of radium in the skele
ton and body tissues is uncertain. Muth et al.c2 suggest
that 25 per cent of the total body radium is contained in
the skeleton whereas Hursh et al.12~ give a figure of 78
per cent and LucasM 80-85 p~r c~nt. Results given by
Hilp10 also tend to support this higher ~gure. Th~ re
sults for bone and muscle ash and wet tissue are given
in table XVIII. No explanation has been given for the
relatively high tissue values obtained b'y Muth, but total
a-activity values in bone and soft tissue (para. 69)
favour a skeletal content of about 80 per cent of the total
body value.

74. Consideration of the above information indicat~s
that the world average for the Ra226 total body burden is
likely to be closer to 50 p.pc than 100 p.p.c. I~ subsequent
considerations we will assume a conservative value of
75 p.p.c, of whi~h 80 per cent (60 pp.c) is in the skeleton.
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Figlwe 3. Human bone ash, total a activity. e, Cornwall;
X, London; 0, Cumberland

potassium content of food varies conside!"ably-for ex
ample in the United Kingdom-" values given for a very
large number of samples of different types of food range
from 0.1 per cent up to about 5 per cent (0.76 ppC
K40jg up to about 38 p.p.c K40Yg). Consequently potas
sium intake will be very dependent on diet and may show
large variations between countries, For i~stanc:, Scott
Russellv" has pointed out that m the United Kingdom
23 per cent of the total potassium in diet originates !ro~
dairy produce and 35 per cent from pot::toes, while m
the United States the figures have been given as 38 per
cent and 19 per cent respectively. The potassium intake
for the United States based on per capita food consump
tion has been calculated to be approximately 2300
}LpCId. l1? · 1.18

67. The extremely low levels of naturally occurring
radio-activity normally present in the human body make
measurement of the individual radio-isotopes very dif
ficult. In vivo, measurement of gamma rays is often used
to measure the body potassium content. The total body
Ra220 content can be estimated by measuring the rate of
exhalation of radon and assuming a general value for
the fraction of the total radon formed which escapes in
the breath. This fraction is not accurately known and
may indeed vary under different conditions. Ram and
other nuc1ides can also be estimated by the analyses of
autopsy samples.

TOTAL ALPHA-ACTIVITY

68. Turner et alYo measured the total a-activity of
hones of persons native to Cornwall, London and Cum
berland, The average value is 0.38 p.p.c/g ash, but indi
vidual results show large variations (figure 3). There
appears to be a significant difference between values for
Cornish bones and those from the London area or from
Cumberland. The total a-activity in 10 Eskimo bones-?"
showed a range from 0.18-0.97 pp.c/g ash with an aver
age of 0.61, and the rib of an Egyptian-'" who died almost
4,000 years ago gave a value of 0.34 pi;c/g ash. Figure 3
indicates that for persons not occupationally.exposed to
a-activity, the concentration doe.s not vary With a~e, but
as the weight of the skelet<;>n increases fr?m birth !o
adult so the total a-activity m the skeleton increases m
this period and then stays constant.

r~~.. .
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with plant tissues (para. 64), the parent isotope of the
thorium series, Th2s2, has not yet been detected. It is
therefore thought126 that the Th228 originates from the
metabolic uptake of radium in the form of Ra228 rather
than uptake of thorium. Because the half-life of Ra228

is considerably less than that of Ra22G, it may be expected
that the Ra228j'Ra226 activity ratio will be a maximum in
newly fomed bone and will be less than this value in
older bone. The magnitude of this effect is not known
and, indeed, it does not appear to be sufficient to intro
duce an age effect into the total a-activity content of
bones (figure 3). Mayneord et at.m suggest that 40 per
cent of the total a-activity in adult bone is due to radio
thorium, i.e., Th228/Ra226 series activity ratio is approxi
mately 0.7. Measurements reported by Stehneyv" on
ashed bone samples from six subjects (average Ra226
skeletal content of about 90 p.J.l.c) gave an average
Th228jRa226 series activity ratio of 0.4. This value is
rather uncertain owing to the large fractional errors in
the Th228 measurements. Using thoron in breath tech
nique, Cullen127 has found indications of much higher
Th228 content of normal persons. It will be assumed that
the world average Ra228 total body content is 50 p.p.c, of
which 40 J.l.p.c is in the skeleton.

the bone. The results for the average RaU6 and Ral18
contents, suggested in paragraph 77 and assuming 35 per
cent and 100 per cent equilibrium respectively, are given
in table XIX. Also included in the table are the estimated
dose-rates to the same tissues resulting from a skeletal
Pb210content of 200 p.p.c (SO per cent equilibrium), The
average dose-rates to the body tissues other than bone
assuming that the Ra 226, Ra us and Pb210 activity is uni:
formly distributed and that the activity levels are 25 per
cent of the values assumed for the skeleton of an average
individual, are about 0.5, 0.8 and 0.3 mrem/y respa;
tively from each of the above radio-isotopes.w

POTASSruM-40

79. In vivo measurements of total body potassium
content have been made by a number of workers. The
results of measurements by Anderson et at.131 for 1,590
males and females as a function of age of the subject are
given in figure 4. The concentrations vary considerably
with age, and above an age of twelve years, a sex differ
ence appears. Beyond twenty years of age, the percentage
content in both males and females decreases in a similar
manner but the male level is about 20 per cent higher
than the female.

•o Males
• Females

2.5

1.0:"'-........':J..:.-l-'-l....J.-:!::-'-I-.1...L:l:-"-1...L.JL-:!=J-L.J....J.-:!::-"-i'..J..J..-!'::'-J..I..l":f::J-~o ~ ro
Age (years)

Figl're 4. Average body potassium concentration of males and
females as a function of age of subject
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80. The potassium content of the various body organs
varies considerably from about 0.05 to about 0.31 per
cent, and the average for the whole body is about 0.2 per
cent.182 There is evidence that the potassium content of
gonadal .tissue is close to 0.20 per cent by weight, and
USlllg this figure, Rundo-v estimates that the dose-rate
to the testes is 17 and 2 mrem per year from the f3- and
y-radiation respectively. This is in good agreement with
the values of 16.5 and 2.3 mrernj/y given in the 1958 re·
port of the Committee and 18 anc12 mreru/y by Spiers."

81. In trabecular bone, Spiers~3 quotes the potassium
content as being between a value of 0.05 per cent for
mineral bone and a value near to 0.2 per cent for bone
marrow, and gives the mean dose-rate as 15 rnrem per
year.

CARBoN-14

82. The tissue dose rate due to natural CH has been
give~ as 1.0 mrem/y,52 1.5 rnrem/ym and 1.6 mrem/y."
the dIfference between these values being essentially due
to the values assumed for the specific disintegration rate
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PB210, BI 210mAND P0210

76. Various workers have determined Pb21o, Bi210m
and P 0210 concentrations in human bone in excess of that
expected from the Ra226 content. Holtzmanv" made
measurements on samples of individual bones from
forty-four humans and found an average skeletal Pb210
content of 360 fLfLC (corresponding mean Ra220 content
was 100 p.p.c). He concluded that the origin of this Pb210
was mainly from food, to a slightly smaller extent from
the atmosphere and a minor contribution only from
drinking water. Hurshv" obtained a value of 105 fLfLC
for the mean skeletal Pb210 content of eighteen cadavers
obtained in the New York area (average Ra220 content
was 120 fLP.C). Hill and Jawcrowski-P measured the
Pb210 content of bone samples from six subjects and
found an average skeletal content of 160 fLfLC. It will be
assumed that 200fLfLC Pb210 is the skeletal content of an
average person.

DOSE-RATES FOR NATURALLY OCCURRING

U AND TB SERIES

77. From the available data on natural radio-activity
in humans, the average skeletal content of Ra226, Ra22S
and Pb2lO

, each in various states of equilibrium with its
daughter products, has been chosen as 60 J.l.fLC, 40 fLfLC and
200 f'fL~ r~spectiyely (paras. 74-76). The range of values
for individuals 1S extremely large, e.g. for Ra226 it may
be higher or lower than the average value by a factor
of at least 25 (table XVI). However, for a population
in a given small area, the range is likely to be much
smaller.

. 78. Th~ dose-rate to .bone du.e to the naturally occur
nng ur~1t~m and thorium series is mainly due to the
alpha-emitting components, and hence the irradiation
pattern is extremely variable and depends on the size of
the particular tissues being considered, their relation to
the radio-active deposit and the ranges of the alpha par
ticles. Spiers'"? has calculated the dose-rates to the osteo
cytes, the connective tissue lining the walls of the Haver
sian canal and the bone marrow originating from the
Ra226 and Ra 228 content of bone on the assumption that
35 per cent of the Rn222 and Rn22Qformed is retained in



of natural C14 and the average beta energy per ca dis
integration. Taking 14 dpm,'g carbon as the specific dis
integration rate (para. 51), 50 keV as the average C14

beta energy18e-1.8S 18per cent- as the average carbon con
tent of the whole body of 70 kg weight, RBE equal to 1,
then the average dose throughout the human body due
to natural C14 is 1.06 mremj/y. The corresponding aver
age dose-rate to soft tissue, with a carbon content of
12 per cent,139 is 0.71 mremj/y, and to bone, with a carbon
content of 27.8 per cent/59 is 1.64 mremjy.

83. Owing to the Suess Effect (F I 68) the dose re
duction during the period 1850-1954 was approximately
one mrem (about 0.01 mremjy). If the use of fossil
fuels up to year 2000 is as has been estimated.>" the
Suess Effect will then be nearly 10per cent and the dose
reduction over the period 1850-2000 would be approxi
mately four rnrem,

TRITIUM

84. The natural level of tritium in water in the middle
latitude regions prior to the introduction of tritium due
to weapon testing was of the order of 0.005-0.02 p.p.c/g
H.:141-1.44 Assuming soft tissue to be 100 per cent water,
and that the average energy of tritium beta rays is 6 keV,
this implies an average dose-rate to soft tissue of about
0.003 mremjy (RBE = 1.7) or 0.006 mremjy if an
RBE of 3 is used (para. 3).6

VD. High natural radiation areas

85. In a small number of areas the dose-rate from nat
ural background radiation is considerably higher than
that experienced by populations in the major portion of
the world. This high radiation background is due to the
presence of larger than normal amounts of naturally
occurring radio-active materials in the soil, drinking
water, air, building materials, etc., and also to the cosmic
ray altitude effect (paras. 13 and 14). It is considered-"
that studies of the populations in these areas are likely
to contribute to the fund of biological knowledge and the
ultimate specification of the genetic risks accruing from
increasing exposure to ionizing radiation. This type of
study is one of the few ways of studying the effects of
ionizing radiation on human hereditary material.

H.rGH NATURAL RADIO-ACTIVITY IN THE EARTH'S CRUST

86. There are five known major inhabited areas where
there is increased radiation from soil or rock-these are
in Brazil, France, India, Niue Island and the United
Arab Republic. Data on the size, population and dose
rates of these areas are given in table XX.

87. The Kerala radiation measurementsv" were made
inside three main types of houses in ten villages in the
area. The results did not show any clear relation between
radiation levels and structural differences in these houses.
The average gamma dose-rates in the villages included
in the survey revealed a twenty-fold variation (131-2,814
m rad/y), and the average value of 1,300 mrad/y is
obtained by weighting values for each village according
to its population.

88. There also exists the possibility of an additional
significant radiation dose to the populations in these areas
due to internal deposition of radio-active material.
No published material on this aspect is available at
present.

89. Certain natural springs have a very high natural
radio-activity content and some of these are listed in
table VII. However, these springs are not generally used
1S a permanent source of drinking water and so do not
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represent a continuous source of radiation exposure to
large populations.

90. In those areas where the drinking water is of
higher than normal activity, the populations are receiving
additional radiation exposure and may be of interest for
study of possible biological effects. One such area where
a detailed survey is currently being made is in the Middle
West region of the United States. Some of the drinking
water in this area originates from wells which penetrate
the deep sandstone formations and the water has con
centrations up to 37 p.p.c Ra.220jl. Results reported so
far147 indicate that drinking water containing more than
1 JLp.c Ra226/l is consumed by approximately 800,000
people, of whom about one half consume water contain
ing more than 4 p.p.c Ra22!l/l . Of these, about 30,000
people consume water with activity in the range 10-37
p.JLC Ra226j1. The resulting range of Ra 226 skeletal bur
dens'" in people who have been consuming this water for
long periods of time is given in table XVI.

HIGH NATURAL RADIO-ACTIVITY IN THE AIR

91. The Rn222 and Rn 22D content of air will generally
be higher in areas of higher than normal natural radio
activity. For instance, the average Rn222 concentration at
Bad Gastein.>" which is situated in a deep valley contain
ing many radio-active springs, is about 1 p.p.cj1 compared
with the average value of about 0.1 p.p.cjl for the Euro
pean continent. Also, concentrations in confined volumes
such as buildings will be considerably higher if ventila
tion is poor or absent. Under certain meteorological con
ditions, e.g., during fog, the natural radio-activity con
centration in the air may increase by several factojs of
ten.

HIGH NATURAL RADIO-ACTIVITY IN BUILDINGS

92. Aside from high radiation in buildings due to the
increased Rn222 and Rn220 content of the air (para. 91),
dose-rates may be increased owing to the high natural
radio-activity of the construction materials. Granite and
light-weight concrete containing alum shale are common
building materials which often result in particularly high
radiation levels inside buildings, as can be seen from the
dose-rates give in table V.

HIGH ALTITUDE AREAS

93. As discussed in paragraphs 13 and 14, the cosmic
ray intensity increases markedly with altitude. This raises
the possibility of study of populations living at altitudes
of the order of 3,000 metres where the total cosmic ray
dose-rate due to the neutron and ionizing components
may be of the order of 50-150mremjy. Table XXI gives
some of the high altitude areas in the world along with
their altitude, latitude, populationv" and cosmic ray con
tribution to tissue dose-rate estimated on the basis of the
figures given in table 1.

VIll. Summary of exposure data

94. The mean gonad and skeletal dose-rates from nat
ural sources of irradiation under "normal" conditions
are given in table XXII. (For information on high
natural radiation areas, reference should be made to
section VII above.) The suggested typical value for the
total cosmic radiation tissue dose-rate, 50 mrem/y, is
the value at sea level for middle latitudes (para. 8 and
table I). The terrestrial gamma-radiation results from
the gamma activities present in the soil, buildings and
air, and the average tissue dose-rate of 50mremjy takes
into account absorption of radiation by the outer tissues



TABLE H. PHYSICAL DATA FOR RADIATION FROM CERTAIN NATURALLY OCCURalNG RADIO-ACTIVE NUCUllE..<;14.

TABLE I. VARIATION OF TOTAL COSMIC RAY CONTRIBunONTO
TISSUE DOSE-RATE WlTH AL't''I'I'UD& AhLl LAT1TU1lE

areas is required, the best value which can be recom.
mended at the present time is about 130 mrern/y,
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• See annex A for RBE values used,
•• Distinction between geographical and geornagnetic latitudes

is not justified.

and also the relative time spent indoors and outdoors.
Internal irradiation of man arising from the presence
in the body organs of naturally occurring radio-active
nuclides-s-K", CH, H8 and various decay products of
the uranium and thorium series-is extremely dependent
on geometrical considerations and average dose-rates in
various tissues are given in table XXII. The dose-rate
to the lungs due to the natural radio-activity conte.nt of
the air is not presented in table XXII but, as mentioned
in paragraph 42 above, this dose-rate is higher than that
to any other body tis~ue. Tb;e dose-rates due to HS ~re

very small in companson WIth those due to the radio
nuc1ides given.

95. The total dose-rates in the body tissues given in
table XXII may be considerably in error owing to un
certainties of the individual components. These uncer
tainties are discussed in the text of the present annex,
and it is anticipated that more truly representative values
will become apparent as further investigations are made.
It is felt that where a representative value for the nat
ural background dose-rate to individuals in "normal"

;'1"
Nile/irk

CfnntnOll Radio-active Particle '~~I"S i .. M.V .., "",",i,t i .. Mel! ON
S~bol na111~ half-life and per«Hlo'<3 wilt" kjWtll1l. ptn",'ot.s "'lit'" k.."",,·

H' ........ Tritium 12.26 y e: 0.0186(100) No 'Y."
BeT........ Beryllium-7 53 d EC 0.477(12)
Clt •....... Carbon-14 5,760 y (j- 0.165(100) No 'Y
Nail....... Sodium-22 2.58 y (j+ 0.54:(90)EC(10) 1.28(100)
pu........ Phosphorus-32 14.3 cl r 1.71 No 'Y
Slo\ ..~ ..... Sulphur-35 87 d rO.167 No 'Y
K'D........ Potassium-40 1.3 X 10ly (j- 1.32(89)EC(I1) 1.46(11)
Rb 87••••••• Rubidium-87 4.8 X 101lly (j- 0.27 No 'Y
La 13! ...... Lanthanum-13S 1.1 X lOlly EC(70), (j- 0.20(30) 1.43(70), 0.81(30)
Smu ' •..... Samarium-147 1.2 X lOlly a2.20 No 'Y
Lu ne•.••.. Lutecium-176 2.2 X 1010y (j- 0.42(100) 0.31(100),0.20(100),0.088(100)
UJJ!....... Uranium I 4.51 X 109y a4.19, -, CE, SF 0.048(23)
Thu' .•.... Uranium x, 24.1 cl e: 0.19(65),0.1 0(35) 0.092, 0.003, 0.019
Pal:l4m••••• Uranium Xs 1.18 m (j- 2.31, -(99), IT(l) 0.043, 0.23-1.83
UJJ'.....•. Uranium II 2.50 X l05y a4.77(72), 4.72(28), -, SF 0.053,0.118
Thl:lo ...... Ionium 8 X 10 ly a4.68(76) 4.61(24) 0.068, 0.142-{).254
Rallt •.•. ,. Radium 1,620 y a4.78(95), 4.59(4), - 0.187(4), -
RnIlJ•••• , • Radon 3.823 cl a5.49(99+), 4.98(0.08), 4.83 0.51(0.08).
POIU, ...•. Radium A 3.05 m a6.00(99 +) (j- (0.02) No 'Y
Pb 1u ...... Radium B 26.8 m (j-1.03(6), - 0.352, 0.295, 0.053-<l.259
Bill'..... , . Radium C 19.7 m f3- 3.18, ~(99+)a5.51, -(0.04) 0.61,1.12,1.76,0,45-2,4·3
PoJl' ....•. Radium Cl 1.6 X 10-'8 a7.68 No 'Y
Pb JlO •••••• Radium D 20y f3- 0.017(85),0.063(15) 0.00i(15)
Billom•.•... Radium E 5.0 cl e: 1.16(99 + )a(0.02) No 'Y
Pouo...... Radium F 138.4 cl as.30, - 0.80(0.001)
Thl:l

'
...... Thorium 1,41 X 10llly a4.01 (76),3.95(24) 0.059(24)

Ra 1l8 •• , ••• Mesothorium I 6.7 Y f3- <0.02 No 'Y
Acus ...... Mesothorium Il 6.13 h e: 1.11(53), 0.45-2.18 0.057, 0.1 0, 0.91, 0.078-1.64
ThiS!...... Radiothorium 1.91 y a5,42(71), 5.34(28), - 0.084,0.212,0.137,0.169
RasH..•... Thorium X 3.64 d a5.68(95), 5.44(5) 0.241(5)
Rn 120••• , •• Thoron 55 s a6.28(99+), 5.74(0.3) 0.54(0.3)
POll' ...... Thorium A 0.16 s a6.78 No 'Y
Pb JlI •••••• Thorium B 10.64 h f3- 0.34(84), 0.58(12), - 0.239(84), 0.30, 0.115-0.41
Bim....... Thocium C 60.5 m f3- 2.25, -(64), a6.09, -(36) 0.040(25),0.73(6),1.62,0.124--22
Pozu ...... Thorium Cl 3 X 10-T5 0:8.78 No 'Y
Tksoe...... Thorium Cll 3.1 m e: 1.80(47), 1.0-2.38 2.61 (100), 0.58(77), 0.51(30),0.040-1.09
UZ36 ....... Uranium-235 7.1 X 108y a4.18--4.56, SF 0.185(55),0.143(12), 0.095(9), O,07H.38
NpI37•••••• Neptunium-237 2.2 X 105y 0:4.52--4.87 0.087(14), 0.029(14), 0.057-().200
Pull3l •••••• Plutonium-239 24,300 y 0:5.15(72),5.13(17),5.10(11), -, SF 0.013(17), 0.051, 0.03S-0.42( <0.000

.. Beta and gamma energies (MeV) are limited to four plus a
range, given in order of decreasing intensity. When known, the
percentage of disintegration (intensity) giving a particular energy
appears m parenthesis following the energy. The dash between
two energies indicates that there are three or more radiations in
that range of leeser intensities than those already given. A dash
following several energies indicates additional energies of lesser
intensity. Percentages applied to gamma energies are transition
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intensities rather than photon intensities: they also include con
version-electron intensities.

*'" "No 'Y" means that garnmas have been searched for butnot
found (exceptin~ perhaps X·raYll from electron capture).

C E = conversion electron.
E C= electron capture.
1 T '" isomeric transition.
SF =spontaneous fission.



TABLE IV. MEASURED TERRESTRIAL GAMMA DOSE-RATES OUT OF DOORS
IN VARIOUS COUNTRIES

Counlry

Austria .

France .

Japan.•.•.....................•.

Sweden" .•.................•...••

UK .

USA· ...•......................

Do•• rate ilol air
",rodl"

47-56

{
45-90

180-350

{
23-37
79-119

{

70-100
60-120

50

{
18-61
77-155
45-130

Co",m.nJ

Limestone
Granites and shales
Kanto loam
Granite areas
Stockholm street
Igneous rocks
Clay
Sedimentary rock or clay
Granite areas
Measurements in 23 States

157

158
159
159
160
160
160
53
53

161

• Values obtained by subtraction of an experimentally determined value of 28 mrad/y to
allow for cosmic radiation at sea level and appropriately larger quantities at various altitudes.

TABLE V. MEASURED TERRESTRIAL GAMMA DOSE-RATES IN AIR INSIDE
BUILDINGS IN VAIUOUS COUNTRIES

Austria .

japan .

Sweden" .

UK .•...........

USA .

Do.. raj. in a;'
mrad/y

{

47-56
65-75
75-112

{

48-68
29-41
80-100

{

48-57
'9-112

158-202

{
85-300
32-57
29-90

Commou

Wooden house
Brick or concrete
Granite
Concrete
Wooden (Tokyo)
Wooden (Kyoto)
Wooden
Brick
LIght weight concrete (containing alum shale)
Granite
Other than granite
17 houses in New York area

Refer.~

157
157
157
162
159
159
42
42
42

163
163
161

• Values obtained by subtraction of 28 mrad/y to allow for cosmic radiation (but this cor
rection is probably too large ill the case of multistorey buildings).
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TABLE VI. MEAN DOSE-RATES FROM TERRESTRIAL GAMMA-RADIATION ONLY
IN FOUR LOCALITIES IN UNITED KINGDOM53

Mean dose-rat«
in air

mrad/y

Mean dose-rat« in human
tissues
mTadlY

Locality

Edinburgh............•...........
Dundee .
Aberdeenshire .•.......•...........
Aberdeen ......•..................

Oulojdoor$

48.5
63.0
69.5

104.0

In houses

60.0
67.2
81.5
85.3

Gonads

36
42
50
57

Bone-maN'OW

37
43
51
58

TABLE VII. NATURALLY OCCURRING RADIO-ACTIVITY IN PUBLIC WATER SUPPLIES

Waler source

Austria Bad Gastein .
Germany, 7 cities ...•. , .
Sweden, 2 cities .
UK, ground and

surface water , .
Cornish waters .
Devon waters .•.•..........

USA, tap water
for 41 cities .
Deep sandstone well, Ill." .
Surface water, Ill .

USSR, freshwater. (mean) .

• See section VII ..

Ra'" concenlralion IJlJcll

0.6
0.03-0.3
0.2-1

Up to 0.7
Up to 2.4

Up to 0.2 (average 0.04)
Up to 37
< 0.2
1

Rn'" concenlralion IJlJcll RQere"u

167
Up to 220 62

169

Up to 200 61
Up to 3,000 61
Up to 13,000 170

171
172
56

173

TABLE VIII. NATURALLY OCCURRING RADIO-ACTIVITY OF NATURAL WATERS AND SPRINGS

Waler 'Ourc.

Germany. river water ..••••...
UK, river water ...••.........
USA, river water ...•.....•...

Lake water............•....
Ground water .

Austria, springs .
France, springs ...........•...
Germany, springs .
Japan, springs ............•...
Lebanon, springs ; .
UK, springs ............•.....
USA, springs , , .
USSR, springs and brooks .

UlS.
conCe ntration

IllJcll

0.005-0.01
1.7
Up to 40
Up to 4

Up to 0.357

Up to 3

Ra'"
co,.e~nlration

!'lJcll

0.07-0.8
0.01
0.03 (1-3)31

Up to 22

Up to 139
0.07-18

Up to 12

RnU J

con"nlralio"
IJlJcll

0.2-0.3

Up to 1()l5
Up to 1()l5
Up to 10!
Up to 7 X 1()l5
Up to 6 X 10!
Up to 7 X 10!
Up to 3 X 1()l5

RQ,Tenu

62
164
57
57
165
166. 167
158
62
153
39
61
153
168

TABLE IX. CONCENTRATIONS OF RN222 AND RN220 IN FREEAIR
A'r GROUND LEVEL IN VARIOUS REGIONS

Average concentrationin !J.f.'c/l

Austria .
Czechoslovakia .
France ....•.............................
Holland (Amsterdam) ..................•..
Sweden .
UK .

USA {

USSR .

RnlU (radon)

0.1-0.3
0.03
0.2
0.13
0.1
0.3
Up to 3

(smog conditions)
0.25
0.005-0.5

220

Rn'" thoro"

0.002
0.006

0.004
0.05

157
69

158
174
42
53

175
175
173



TABLE X. AVERAGE CONCENTRATIONS OF RN222 AND RN220 IN Am OF VENTILATED AND
UNVENTILATED SWEDISH APARTMENTS AND THE CORRESPONDINGCALCULATED

AVERAGE DOSE RATES TO LUNGS42

Qu/erwall cOIISIr"ctwts

Wood ·.················ ..
Brick .
Light weight concrete

(containingalum shale) .•......•.

A'"

0.527
0.909

1.86

0.537
0.913

1.86

A·

0.0278
0.0910

0.0959

B"

0.136
0.450

0.461

Aperage dos. rat. to lungs in mr.mfy

R"n. Rnli'

A· 11** A'" S"*

263 73 18S S2
453 128 582 173

930 262 640 178

III Condition A: Assuming equilibrium. •• Condition B: High ventilation rate, 10-' sec. -1.

T ABLE XI. AVERAGE RN222 CONTENT INDOORS AT VARIOUS LOCAUTIES42

CounJ,y and local,

Canada, laboratory•...•........••.
UK..........•... · · .. · .

Sweden:
Wooden apartments. " .

Aperag. Rn conClts/rotion
ppefl

0.05-3
O.OS

0.5

Country IJnd local.

Brick apartments ..........•....
Concrete apartments ••.....•....

USA, laboratory .•....•.•.•..•.•..
USA, laboratory .•....•...........
USA, laboratory .•....•...•..•....

A ,,,ag. Rts cD1lunlrali01l
PP'fA

0.9
1.9
0.9-1.0

<0.1
0.13

TABLE XII. AVERAGE CONCENTRATION OF PB210, BI2l0" AND Po210 IN Am AT GROUND LEVELIN VAlUOUS REGIONS

A,,,og. concentration
Refer.nce

A"rog, conClntratiatt
Regio.. Rn'" daughter product in air jA1JCIl Regiots Rn'" daug1lter Product /11 air Pl""ll ReI"","

UK............. Pb11D 3 X to- o 176
USSR .•.•......• Bi1tom 4 X 10-' 173

USA............ Pbl LD 10-1 70 UK•..•.•....•.. POUD 0.4 X 10-0 176USSR........... Pb l LD 5 X to-, 173

'TABLE XIII. RADIUM-226 IN FOODSTUFFS (PP.C RA228 PER KG OllIGINAL MATERIAL)

New York City Chicago Sail Fro1lciSGo

Surtl,y 2 Surrey 3 Survey 1 Su",y 2 Sur,.y 2 S1Io1'f1lY3
Food tyPe Jun. 1960 Oct. 1960 Mo, 1960 Sep!.1960 A"g.1960 Jail. 1961

Whole wheat bread ...... 3.2 1.2 3.5 2.9 2.S"'· 2.8
White bread............. 3.2 1.5 3.3 2.0 2.9 2.5
Flour-white ..••....•.•• 2.7 1.7 2.4 2.0 1.34- 0.83
Milk-liquid .•••..•..... 0.25 0.24 0.24 0.22 0.22 0.2
Potatoes .......•.••..... 2.0 2.5 1.4 0.77 1.0· 2.0
Macaroni ...•.....•....• 2.1 1.8 1.6 1.9 1.2 1.7
Dried beans............. 6.1 3.2 7.0· 2.5 2.3 4:.1
Canned vegetables ....... 2.2 0.54 1.8 1.1 0.91 1.0
Fresh vegetables ......•.• 2.4 1.2 2.2 0.57 0.66 0.84
Root vegetables.•••••..•. 3.4 2.3 2.0· 1.8 2.6· 2.4
Canned fruit ............ 0.37 0.37 1.2 0.26 0.5 0.73
Fruit juices ..•...••....• 1.6 0.49 0.68 0.86 0.71 0.62
Fresh fruit .............. 1.5 2.8 1.4 0.57 0.91 0.65
Rice ..•................• 1.5 1.0 0.7 0.37 0.63 0.8
Eggs ••.•....•.••.•.•••. 4.1 7.9 2.7 2.7"'· 2.6 1.9
Fresh fish.......•.....•. 1.2 0.68 0.71 1.0 0.8 1.2
Shellfish ................ 1.2 1.1 2.5 1.7 2.0 1.0
Meat. •.•....•.•..•...•. 0.44 0.47 0.45 0.64 0.81 0.55
Poultry...........•....• 0.73 0.86 0.79 1.4 1.9 0.49

• Data corrected by barium recovery as well as strontium recovery.
.. Missing sample. Paired value used for computing sums.

TABLE XIV. RA228 CONTENT OF VARIOUS FOODS IN GERMANy62

Food

Bread..•.........................
White bread....•...............•.•
Wheat flour ....•...............•..
Milk ....••....•.......•.....•••.•
Potatoes .•.....•.....•.......•.••.
Cabbage ••••.•........••.•.•.•.•.•

ppclkl/
food

2.6
1.7,3.3
2.7
0.3
0.6,1.0
1.0,2.4

221

food

Carrots
Apples
Eggs
Fish
Pork, beef
Tap water

""elkg food

1.6, 1.7, 6.1
0.9
3.1
2.8, 4.0. 4:.0, 6.3
0.8, 1.5, 0.8, O.S
0.03-0.34 (av 0.19)



TABLE XV. &1.226 CONTENT OF VARIOUS FOODS IN UNITED KINGDO}.(106

!'~/kffOOdFood
------------------~~-

p1J&/kg foodFood

Cereal, ••.....•. '" .
Tinned pears •..•.•............•..............
Egg., .........•.•...........................

25,62,68
1.1
2.0

Fresh fish (plaice). . .. .. .. . .. .. . . . .. . . . . . .. ... 1.5
Cockles and mussels. . . . . • • . • . . . . . . . . . . . . . . . . . 18.2,5.7
Veal, Sausage.. . . . ... .. •..•... . . . ... . . . . ..... 0.9,2.0

TABLE XVI. TOTAL BODY R,..226 CONTENTS

Concdnlralion
Ralll Ra'''lx>dy conJ~1<1~

in lap "'ala
M~"" TYM "/I""PI4Sam:i>ling locality N""Jba of bodies pIJ&/1 Ran" &!aenCl

USA, Rochester, N.Y................. 20* 0.04 38-353 118 Whole body ash 177
USA, Rochester, N.Y., •.•.•.......... 14:* 0.04 47-130 87 Whole body ash 178
USA, Rochester, N.Y................. 9 0.04 15-65 30 Body organ ash 124
USA, Northwest Pacific area.......... 50 0.001 13-139 47 Whole body aah 179
Germany, Frankfurt on Main ......... 15 0.14-0.31 130-790 330 Body organ ash 180
Germany, Frankfurt on Main ..•....•. ; Up to 56 0.2 130 Body organ ash 62

(35 in
skeleton)

USA, New Yorkc, ......••..•......•. 140 0.04 3-150 24 Whole skeleton ash 121
Six different countries.•...•.•........ 21 40 Single bone ash 121
13 different countriea.; .•••........... 499 33 Bone aah-

15 samples composite sample 121
USA, Prisoners, 4 moo detention•....•. 11 3.4 100 I 1J l>i~o, radon in

breath 181
USA, Prisoners, 7.6 yr. detention •..... 8 3.4- 202 In tll"DO, radon in

breath 181
USA, Prisoners, 19.7 yr. detention ..... 11 3.4- 236 In I1Wo, radon in

breath 181
USA, Lockport boys ......•......•..• 8 8 368 In vivo, radon in

breath 181
USA, Chicago boys .................. 7 0.03 36 In "ioo, radon in

breath 181
USA, low activity water, ....•........ 42 < 0.1 15-81 36 Single bone ash 54
USA, high activity water •............ 34 0.1-10.5 36-1400 Single bone ash 54

* Check series using different methods of measurement.

TABLE XVII. RA 22B AND PB210 IN BONES OF SUBJECTS FROM ROCHESTER, N.Y., USAU2

Concmtratio» I" (Pl'c/t IlJh :I: 90 />a ~nl (O"ft~"u kIlof) X /(}I

Born i" N,brllJka,
liv.d ill Rochesier,

a,.s 1-68

Born i" Con",cliclll.
lip,d in Rochukr.

agu 14-43

BiJ,r" i" Florido.
fiNd i" Racn.sltr,

"tts4P-52
RoU' Pb1lO Ra'" Pbf"

Skull. .•........... , ....... 70 ± 4- 201 ± 15 51 ± 2 131 ± 9
70 ± 4- 419 ± 14 100 ± 7

Tibia..•...........•........ 12 ± 3 296 ± 13 25 ±2 90 ±9
Joint ....•.............•... 16 ± 1 152 ± 7 25 ± 2 83 ±8
Jaw ....................... 12 ± 1 93 ± 5 28 ±2 49 ±4
Teeth...................... 19 ±3 18 ± 4-

T ADLE XVIII. R.A220 CONTENT OF DONE AND MUSCLE

Vertebrae'«. . . . . . . . . . . . . . . . . . . 10
Clavide124 • • • • • • • • • • • • • • • • • • • • 10
Skeletal muscle 11.. • • • • • • • • • • • • 10
Tibia shaft82• • • • • • • • • • • • • • • • • • 56
Femur62

• • • • • • • • • • • • • • • • • • • • •• 37
Musdes ll2 • • • • • • • • • • • • •• ••••••• 12
Bone~ ..••. , , 3
Musde6&..................... 3

366 ± 19
1,330 ± 21

78 ±6
71 ± 7
77±6

Pb ' ll

32 ± 3
27 ± 3
26 ± 2
27::1:: J
30::1:: J

3.4
1.1
0.05
5.4
4.8
2.5

Ra'" (o"J~"I/,
...,1 tissve (X J()"~)

10.7
9.2

5
12
11

245
14.6
12.2

Ra'" cOIII."I/,
ash (X 10 -, ppc)

222

Number of sampl.sTissu.



T AllLE XIX. MEANDOSE-RATES (MREMjy, RBE= 10) TO VARlOUS TISSUES
OF NORMAL HUMANS180

L

Bod" tissues

Osteocytes (5 J.l diameter) .

Haversian canal (10 J.l lining, 50 J.l diameter) .

Trabecular marrow .................•......

Skeletal Ram
and daugh/ers

(601'1'0)
(35% equilibrium)

10

5.4

0.6

Skeletal Ra'"'
and daughters

(401',,0)
(eQuilibrium)

16

8.6

1.0

Skeletal Pb"·
and daughters

(2001'1'0)
(50% equilibrium)

6.6

3.6

0.4

T AllLE XX. SPECIAL AREAS OF HIGH EXTERNAL RADIATION TO llADIG-ACfMTY FROM SOIL OR ROCK

Area

Monazite area in States of Rio de Janeiro
and Espirito Santo, Brazil-sequence of
coastal strips, each several km long and
several hundred metres wide

Mineralized volcanic intrusives in States of
Minas Gerais and Goias, Brazil---6 km'
in a dozen scattered places

Primitive granitic, schistous and sandstone
areas of France-area includes about
one-sixth of French population

Monazite area in Kerala and Madras
States, India-approximately 200 km
long and several hundred metres wide

Niue Island, Pacific-volcanic soil and
unusually high radio-active content
of plants

Monazite areas of Northern Nile Delta
region, UAR

Approximate
populatioll

30,000

1 village with 350
inhabitants,
pasture land and
scattered farms

7,000,000

100,000

4,500

"Highly
populated"

Extemal dose-rot« in air
(Cosmic Plus terreslrial)

Average 500 mrad/y,
peak 1,000 mradjyU7

Average 1,600 mradjy,
peak 12,000 mrad/yl81

180-350 mrad/yl18

Population weighted mean 1,300
mrad/y plus about 200 mrad/y
beta raysH 8

Maximum external radiation 1,000
mrad/y. High total a-radio-activity
content 50-360 JAJ.lcjg in the main
foodstuff-s-tarow

300 and 400 mradjy in 2 villages;
4 other villages in same area 110 to
150 mrad/ylBl

MelJS1"inM
jnstr~nn~nts

Ionization chamber
scintillation
counter

Ionization chamber
scintillation
counter

Geiger counter and
sclntillation
counter (Na. I
and plastic
phosphor)

Ionization chamber

Scintillation
counter

TABLE XXI. COSMIC RAY DOSE-RATES IN HIGH ALTITUDE AREAS AND
CORllESPONDING FOPULATIONS145

Area

La Paz, Bolivia .

Quito, Ecuador.......•.....

Bogota, Colombia..•........

Cerro de Pasco, Peru .

Lhasa, Himalayan Area .

Allittlde
(m,tres)

3,630

2,850

2,640

4,259

3,684

223

Lotituik

16°S
00

4°N
lOOS
300N

Cosmic ray
conlribul,o/l

la tlsstu: dose
rate (based on

loble 1) mretn/y

270

160

150

330

310

Population

319,600

212,873

325,658

19,187

",20,000



TABLE XXII. BODY TISSUE DOSE-RATES DUE TO EXnRNAL AND INTERNAL IlUlADIATION J'llOJol
NATURAL SOURCES OF RADIATION IN "NORMAL" REGIONS

Do.. rQJ~ iretrrr'RiJY
(S~6 jJoroll'ojJhs Z-J for E Nl,us)

Ha_sic,. Emu Mu...u
SOUl" of ;rrodialio,. GOl<Qd 'orcal mQfTOtD in IuS

&/M'nal irradiation:
Cosmic rays (including neutrons) ... SO SO 50 Paragraph 8,

Table I
Terrestrial radiation (including"air). SO SO 50 Paragraph 31

Interne; irradiation:
Klo•.••.•.•..•••••.•.•....•..••• 20 15 15 Paragraphs

80-81

Rat2lland decay products (35 per cent
equilibrium) ................... 0.5 5.4 0.6 Paragraph 78

Ram and decay products (equilib-
rium) ....................•.... 0.8 8.6 1.0 Paragraph 78

Pbn o and decay products" (50 per
cent equilibrium)............... 0.3 3.6 0.4 Paragraph 78

CH ••.•••.••.•••••••.. '" ••.•••• 0.7 1.6 1.6 Paragraph 82

Rnlil (absorbed into bloodstream) .. 3 3 3 Paragraph 41

TOTAL •••••••••••••••••••••• 125 137 122

• Pb~IO in excess of that expected from Ra!!1 and decay products in 35 per cent equilibrium.

224



REFERENCES

1. International Commission on Radiological Protec
tion, Recommendations of the International Com
missionon Radiological Protection (revised Dec. 1,
1954). Brit. ]. Radiol., Suppl. 6:1-92 (1955).

2. National Committee on Radiation Protection and
Measurements, Protection against neutron radiation
up to 30 million electron volts. NCRP report No.
20. National Bureau of Standards Handbook 63
(1957).

3. International Commission on Radiological Protec
tion, Recommendations of the International Com
mission on Radiological Protection: Report of
Committee II on Permissible Dose for Internal
Radiation (1959). ICRP Pub!. 2. Pergamon Press,
London (1959).

4. Brues, A. M., Toxicity of radioactive isot~pes.
Medical Physics 2: 465-470 (1950). O. Glasser,
ed., Yearbook Publishers, Chicago, Ill.
Hollcroft, J. W., E. Lorenz, The 30-day LD-50 of
two radiations of different ion density. ]. Nat.
CancerInst. 12: 533-544 (1951).
Storer, J. B., P. S. Harris, j. E. Furchner, et ol.,
The relative biological effectiveness of various
ionizing radiations in mammalian systems. Rad,
Res. 6: 188-288 (1957). .

5. Blair, H. A., Shortening of life span by injected
radium, polonium and plutonium. USAEC report
UR-274 (1953).
Boag, ]. W., The relative biological efficiency of
different ionizing radiations. National Bureau of
Standards Report No. 2946 (1953).
Morgan, K. Z., Relative biological effectiveness.
5th Conf. Rad. Cataracts, Wash., D. c., 26 March
1953.
United States Atomic Energy Commission, Na
tional Research Council, 4th Conf. Rad. Cataracts,
28 February 1953.

6. IIITYItKenoepr, ID. M., Ilpaseaeaae TPlITD'JI B OB().o
JIOrUtIeCRRX nCCJIep;OBaHHJIX. ,1J;oKYMeH'l' OOR A/
AC.82jGjL.552.

7. Singer, S. F., The primary cosmic radiation and its
time variations. Progress in Elementary Particle
and Cosmic Ray Physics 4: 205-335 (1958).

8. PowelI, C. F., Cosmic radiation. Proc. Inst. Elect.
Eng., London, 107B: 389-394 (1960).

9. Wallner, L. E., E. R. Kaufman, Radiation shielding
for manned space flight. Technical Note D-681,
NASA, Lewis Res. Center, 1961.

10. Keller, J. W., The shielding of space vehicles.
George C. MarshalI Space Flight Center, NASA,
1961.

11. Van AlIen, J. A. Paper presented at joint meeting
of NAS and Am. Ph. Soc. in May 1958.

12. Van AlIen, J. A, L. A Frank, State University of
Iowa, Report No. 59-18, August 1959.

13. Vernov, S. N., N. L. Grigorov, Yu. 1. Logachev,
et al., Cosmic radiation measured on the Second

225

Artificial Satellite. Soviet Physics Doklady 3:
617-619 (1958).

14. Bepaos, C. R, A. E. qy.n;axoB, IIc(l.J[e,u;oBauHJI soc
MHtIeCRlIX JIylIe:li. YClI. <pU8.Bay,ll:, TOM 70, N2 4:
586-619 (1960).

15. Curt is, H. j., Limitations on space flight due to
cosmic radiations: Newly discovered radiations
dictate vehicle design and orbit of future manned
space flights. Science 133: 312-316· (1961) .

16. Schaefer, H. ]., Radiation danger in space. Astro
nautics 5: 36-45 (1960).

17. Langham, W. H., Some radiation problems of
space conquest. Paper presented at the XIth Int.
Astronautical Congr., Stockholm, August 15-20,
1960.

18. Van Allen,]. A. "On the radiation hazards of space
flight" Chapter I, pp. 1-13 in Physics and Medicine
of the Atmosphere and Space. John Wiley and
Sons, Inc., New York (1960).

19. Tobias, C. A, Radiation hazards in high altitude
aviation. J. Aviat. Med. 23: 345-372 (1952).

20. Hess, W. N., H. W. Patterson, R. Wallace, et al.,
Cosmic-ray neutron energy spectrum. Phys. Rev.
116: 445-457 (1959).

21. Hess, V. F., G. A. O'Donnell, On the rate of ion
formation at ground level and at one meter above
ground. J. Geophys. Res. 56: 557-562 (1951).

22. Burch, P. R. J., Cosmic radiation: Ionization inten
sity and specific ionization in air at sea level. Proc.
Phys. Soc., London, 67A: 421 (1954).

23. Patterson, H. W., W. N. Hess, B. J. Moyer, et al.,
The flux and spectrum of cosmic-ray produced
neutrons as a function of altitude. Health Phys. 2:
69-72 (1959).

24. National Committee on Radiation Protection and
Measurements, Protection against neutron radia
tion up to 30 million electron volts. NCRP report
No. 20. National Bureau of Standards Handbook
63 (1957).

25. Beaoycona, H. M., lO. M. illTYRKenOepr, ECTe
CTBenHaSI pa,n;noaXTD'BBOCTb, cTP. 121-126. Mep;
rH3 (1961).

26. Lowder, W. M., L. R. Solon, Background radia
tion-A literature search. USAEC report No.
NYO-4712 (1956) ; u.e. United Nations document
AIAC.82/GjR55.

27. Simpson, J. A., Neutrons produced in the atmos
phere by cosmic radiations. Phys. Rev. 83: 1175
1188 (1951).

28. Johnson, T., Cosmic-ray intensity and geomagnetic
effects. Rev. Mod. Phys. 10: 193-244(1938).

29. Hess, V. F., J. Eugster, Cosmic radiation and its
biological effects. Fordham Univ. Press, New York
(1949).



30. Montgomery, D. J.X., Cosmic Ray Physics. Prince
ton Univ. Press (1949).

31. Katz, L., P. Meyer, J.A. Simpson, Further exp~r:
ments concerning the geomagnetIc field effective
for cosmic rays. N uovo Cimento 8: Suppl. 2:
277-282 (1958).

32. Schaefer, H. J., A. Golden, "Solar inAuenc.es on t.he
extra-atmospheric radiation field and their radl?
biological implications" Chapter 10, pp. 157-181 f1I

Physics and Medicine of the Atmosphere }nd
Space. John Wiley and Sons, Inc., New York
(1960).

33. Forbush, S. E., Solar influences on cosmic rays.
Proc. Nat. Acad. Sci. 43: 28-41 (l9S7).

34. Sandstrorn, A. E. Some geophysical 9a7sp(elc9ts6lo)f
cosmic rays. Amer, J. Physics 29: 187-1 ..

35. Singer, S. F., "Effects of interplan~ta~,dust and
radiation environment on space vehicles Chapter
4 pp. 60-90 in Physics and Medicine of the Atmos
pilere and Space. John Wiley and Sons, Inc., New
York (1960).

36. Hultqvist, B., Private communication.

3? Agnew, H. M., W. C. Bright, D. Frornan, Distribu
tion of neutrons in the atmosphere. Phys. Rev. 72 :
203-206 (1947).

38. Cooper, R. 1. B., The distribution of radioactivity.
Nature 169: 350-352 (1952).

39. Fleischer, M., J. C. Rabbitt, Geochemistry, Ann.
Rev. Nuc1. Sci. 1: 465-478 (1952).

40. Rankama, K., Isotope Geology. McGraw-Hi11, New
York (1954).

41. FauI, R, "Helium, argon and radon" pp ..133-143
i,~ Nuclear Geology. H. Faul, ed., John Wiley and
Sons, Inc., New York (1954).

42. Hultqvist, B., Studies on naturally occurring ioniz
ing radiations. Kgl. Svenska Vetenskaps. Handl.
Vol. 6, Ser. 4, No. 3 (1956).

43. Strominger, D., J. M. Hollander, G. T. Seaborg,
Table of isotopes. Rev. Mod. Phys. 30: 585-904
(1958).

44. United States National Academy of Sciences
National Research Council, Nuclear Science Data
Sheets, Set 4: 41-42 (1959).

45. Lyon, T. L" H. O. Buckman, The nature and
properties of soils. Macrnillan Co., New York
(1943).

46. Jaki, S. L., V. F. Hess, A study of the distribution
of radon, thoron, and their decay products above
and below the ground. J. Geophys. Res. 63: 373
390 (1958).

47. Cullen, T. L., On the exhalation of radon from the
earth. J. Terrestrial Magnetism and Atmospheric
Electricity 51: 37-44 (1946).

48, Wright, J. R, O. F. Smith, The variation with
meteorological conditions of the amount of radium
emanation in the atmosphere, in the soil gas, and in
air exhaled from the surface of the ground in
Manila, Phys. Rev. 5: 459-482 (1915).

49. Joly, J., L, B. Smythe, Proe. R Dublin Soc. 13:
148-161 (1911).

226

50. O'Brien, K., W. 1\1. Lowder, L. H..S()!on, Beta
gamma dose rates {rPln. lerr~st~Ia.!Jy distribt
sources. Rad. Res. 9: 2}{~·l21 (19~8.1.

51. National Committee Oil Radiation Protection:
Measurements, Permissible dns(: fmm e.''(lel
sources of ionizing radiation ~ with addendUtn
April 15, 1958), XCRP rep-rut ~o, p. Nati(
Bureau of Standards Hand~x);;.lk No.:>9 (1954)

52. Spiers, F. W., "The dose' of radiation receiVe!
human ~issu~s .from natural sO\lrces".pe. 107.1
Appendix J 111 I'he Hm:a.l'ds tu Jlan 01 Nuclear,
Allied Radiations. 1DiSO, Cmnd. 9iOO (195
v.c, 1}nited Nations document A/AC.S2/G/R.

53. Spiers, F. \V., "Gamma-ray dose-rates to hur
tissues from external SmH'(('$ In Great Brila
pp. 66-iO, Appendix 1) iPl '~'ht~ Hazards to Mar
Nuclear and Allied Radiations, Second Reporl
the Mcdical Research Council, HMSO. Cm
1225 (l96(1); ..·.1·. United Nations docIIIJI
A/AC.8.2. iGjL.S55.

54. Lucas, H. F. Jr.. Correlat ion of the natural lal
activitv of the human Lodv In that or its envir
ment :\"ptake and rctcnt it',n ni Ha·226 from f
and water. Argonne National Laboratory Tef
AKL-6297, pp. 55-56 (19td~.

55. Krause, D. P .. Ra-22,s IllltSflthorium 1) in IlIir
well waters, Al'goillH' Xatinn:41 Lahoratory rq
A~L·6049 pp. 51-52 ! 1959~.

56. Lucas, H. F .. F. 11. Ilcewirz, Natural radium,
content of Illinois water sllpplirs. J. Amer, W,
Works AS${~. 50: 152.\·15J2 (1958).

57. Kohman. T. P., N. Saito, RZiIIlinacti"il)' in geoll
and cosmology. Ann. Re,', ?\ud. Sci. 4: 401"
(1954).

58. I'cttersson, H., Radium and the deep sea. An
Scientist 41: 245-255 (1953).

59. Evans, It D .. A. F'. Kip, E. G. Moberg, The ~di
and radon content of Pacific Ocean water, life,
sediments. AmCT. J. Sci, 36: 241-259 (1938).

60. Sverdrup, H. D" M. W. )t)nns,on. R. H. Flemi
The Oceans. Prenticc- HaU. Inc., New y,
(1946).

61. Turner, R. c, J. M. R4Idlc¥, W. V. Mayne<
Naturally occurring aJI~ha 'activity of drink
waters. Nature 189: 348-352 (1961).

62. Muth, H., n. Rajewsky, H. J. Hantke, et al.,.1
normal radium content and the Ra-Z26/Ca rahc
various foods. drinking water and dilTerellt org
and tissues of the human body. Health Phys.
239-245 (1960).

63 S· S!)" c.s C" R) V rt cl. ,lmpSOI1, . _, .• C. .1. :)H'wart, of, • ~OU ,
Canadian experience in the mt'asurem~nt l
control of radiation hazards in uranium mines:
mills. Proc, Znd Int. COIlf. Peaceful Uses AtOl
Energy, Geneva 23: 195.2(11 1.1958'1.

64. Fitzgerald. J. T.. C. G. Drtwilcr, Collection e
cieucv nf tilt{~r'll1t'dia in the p.ulide size range
0,005-0.1 micron, Arner. lnd. Hyg-iene Ass
Quart. 18: ·17·54 (19571.

65. Hounarn, F. R.. J. E. \\"ilkin5. Caktllation of
filtrntion of airborne dust hv fibrous tillers. Alor
Energy Res. Estab. report AEHE HP/M
(1958).



66. Vohra, K. G., New method for the estimation of
radon and thoron contamination in air and its ap
plication. Proc. 2nd Int. Conf. Peaceful Uses
Atomic Energy, Geneva 23: 367-371 (1958).

67. van Reiter, Reinhold, Fluctuations in the Concen
tration and the ratio of radon and thoron decay
products in the air in the Northern Alps. Z. Natur
forschung 12: 720-731 (1957).

68. van Reiter, Reinhold, Meteorobiologie und elek
trizitat der atmosphare, Leipzig, Akad. Verlags
gesellschaft, p. 121 (1960).

69. Roser F. X., A. C. Olinto, Sobre a correlacao entre
a contaminaJ;ao radioactiva da atmosfera e os fa
teres meteoro16gicos. Anais de Academia Brasileira
de Ciencias 31: 47 (1959).

70. Blifford, 1. H., L. B. Lockhart Jr., H. B. Rosen
stock, On the natural radioactivity in the air. J.
Geophys. Res. 57: 499-509 (1952).

71. Pysep, Jr. 0., Orrpe,n;eJIeHHe rrorJIOm;eH1lIJ>1X ,n;oa IIplI
nonaaaaaa llMaHarw1t II lIX ,n;ot[epHHI: rrpO,ll;YRTOB B
opraaass. ATOMlIaJI anepraa 8 (6): 542-548
(1960).

72. Control of radon and daughters in uranium mines
and calculations of biological effects. U. S. Public
Health Service Bull. No. 494 (1957).

73. Chamberlain, A. C, E. D. Dyson, The dose to the
trachea and bronchi from the decay products of
radon and thoron, Brit. J. Radial. 29: 317-325
(1956) ~

74. Stannard, J. N., An evaluation of inhalation hazards
in the nuclear energy industry. Proc. 2nd Int. Conf.
Peaceful Uses Atomic Energy, Geneva 23: 306-312
(1958).

75. Shapiro, J., Radiation dosage from breathing radon
and its daughter products. A. M. A. Arch. Ind.
Health 14: 169-177 (1956).

76. Schraub, A., K. Aurand, W. Jacobi, The importance
of radon and its decay products in relation to !he
normal radiation dose in humans. Brit. J. Radiol,
Suppl. 7: 114-119 (1957).

77. Mann, W. B., W. F. Marlow, E. E. Hughe~, The
half life of carbon-14. In press; u.e. Half life of
carbon-14 is 5760 years. Chem. Eng. News 39:
43 only (1961)' and NBS Technical News Bulletin
45: 2 (1961).

78. Craig, H., TIle geochemistry of the stable carbon
isotopes. Geochim. Cosmochim. Acta 3: 53-92
(1953).

79. Wickman, F. E., The cycle of carbon and the stable
carbon isotopes. Geochim. Cosmochim. Acta 9:
136-153 (1956).

80. Craig H. Carbon-13 in plants and the relationships
betw~en <:-13 and C-14 variations in nature. J.
Geol. 62: 115-149 (1954).

81. Rafter, T. A., Carbon-14 variations in nature and
the effect on radiocarbon dating. New Zealand J.
Sci. Tech. B. 37: 20-38 (1955).

82. Libby, W. F., Radiocarbon Dating. Univ. of
Chicago Press, 2nd ed., 1955.

83. Hess, W. N., E. H. Canfie1d, R. E. Lingenf~lter,
Cosmic ray neutron demography. USAEC Univer
sity of California report UCRL-5899 (1960).

227

84. Craig, H., The natural distribution of radiocarbon
and the exchange time of carbon dioxide between
the atmosphere and the sea. Tellus 9: 1-17 (1957).

85. Anderson, E. c., The production and distribution
of natural radiocarbon. Ann. Rev, Nuc!. Sci. 2:
63-78 (1953).

86. Kouts, H. J., L. C. L. Yuan, The production rate of
cosmic-ray neutrons and C-14, Phys. Rev. 86:
128-129 (1952).

87. Ladenburg, R., The absorption rate of cosmic-ray
neutrons producing carbon-14 in the atmosphere.
Phys. Rev. 86: 128 only (1952).

88. Soberman, R. K, High altitude cosmic-ray neutron
intensity variations. Phys. Rev. 102: 1399-1409
(1956).

89. Hansbury, R, U. N. Kerr, D. L, Williams·et al.,
Contemporary C-14 in the biosphere. USAEC
report LAMS-2526, pp. 222-244 (1961),

90. Suess, H. E., Radiocarbon concentration in modern
wood. Science 122: 415-416 (1955).

91. Anderson, E. c., W. F. Libby, World-wide distri
bution of natural radiocarbon. Phys. Rev. 81:
64-69 (1951).

92. Hayes, F. N., D. L. Williams, B. Rogers, Liquid
scintillation counting of natural C-14. Phys. Rev.
92: 512-513 (1953).

93. Hayes, F. N., E. C.Anderson, J. R. Arnold, Liquid
scintillation counting of natural radiocarbon. Proc,
Int. Conf. Peaceful Uses Atomic Energy, Geneva,
14: 188-192 (1956).

94. Broecker, W. S., E, A. Olsen, J. Bird, Radiocarbon
measurements on samples of known age. Nature
183: 1582-1584 (1959).

95. de Vries, HI. Variation in concentration of radio
carbon with time and location on earth. Proc,
Koninkl. Nederl. Akad. Wetensch. B 61: 94-102
(1958).

96. Ralph, E. K., R. Stuekenrath Jr., Carbon-Id meas
urements of known age samples. Nature 188:
185-187 (1960).

97. Kulp, J. L., H. L. Volchok, Constancy of cosmic
ray flux over the past 30,000 years, Phys, Rev. 90:
713-714 (1953).

98. Arnold, J. R., Paper on cosmic-ray induced radio
activity in meteorites. Paper presented at the Amer.
Geophys. Union meeting, Wash., April 1960.

99. Striver, M., Variations in radiocarbon concentra
tion and sunspot activity. J. Geophys. Res. 66: 273
276 (1961).

100. Willis, E. H., H. Tauber, K. 0, Miinnich, Va~ia

tions in the atmosphere radio-carbon concentration
over the past 1,300 years. Amer, J. ScL, Radio
carbon Suppl. 2: 1-4 (1960).

101. Janson, N. S., Comparison between ring dates and
C-14 dates in Kawri, In press. Referred to In paper
presented by T. A. Rafter, Rece~t developmen~s~:)ll

the interpretation and the reportingof C-14 activity
measurements from New Zealand C-14 Laboratory.
Tenth Pan Pacific Science Cong., Honolulu, August
20-Sept. 6, 1961.

102. Begemann, F., 1. Friedman, Tritium and deuterium
content of atmospheric hydrogen. Z. Naturforsch.
14a: 1024-1031 (1959).



I~

l~

15

I~

15:

15:

15

15

I~

IS

11

I1

14

121. Walton, A., R. Kologrivov, J. L. Kulp, The con
centration and distribution of radi um in the normal
human skeleton. Health Phys. 1: 409-416 (1959).

122. Holtzmann, R. B., Some determinations of the
RaD and RaF concentrations in human bone. Ar.
gonne National Laboratory report ANL-6199, pp.
94-106 (1960).

123. Marsden, E.I Radioactivity of soils, plants and
bones. Nature 187: 192-195 (1960).

124. Hursh, J. RI A Lovaas, E. Blitz, Radium in bone
and soft tissues of man. USAEC, Univ. of Roches.
ter report VR-581 (1960).

125. Mayneord, W. V., J. M. Radley, R. C Turner, The
alpha-ray activity of humans and their environ
ment. Proe. 2nd Int. Conf. Peaceful Uses Atomic
Energy, Geneva 23: 150-155 (1958).

126. Stehney, A. F., Radiosotopes in the skeleton: Na
turally occurring radioisotopes in man. Symp. on
Radioisotopes in the Biosphere, Minneapolis
Minn., pp. 366-381 (1960). '

127. Cullen, T. L., Private communication.

128. Hursh, ]. R, Natural lead-21O content of man.
Science 132: 1666-1667 (1960).

129. Hill, C. R., Z. S. ]aworowski, Lead-21O in some
human and animal tissues. Nature 190: 353·354
(1961).

130. Spiers, F. W., Radiation doses to bone from all
sources. Paper presented at the Conf. of the Bone
and Teeth Soc. on Radioactive Materials and the
Skeleton, 1960

131. Anderson, E. C. W. H. Langham, Average potas
sium concentration of the human body as a function
of age. Science 130: 713-714 (1959).

132. Forbes, G. B., A M. Lewis, Total sodium, potas
sium and chloride in adult man. J. Clin, Investig,
35: 596-600 (1956).

133. Rundo, J., Radiocaesium in human beings. Nature
188: 703-706 (1960).

134. Libby, W. F., Dosages from natural radioactivity
and cosmic rays. Science 122: 57-58 (1955);v,e.
United Nations document A/AC.82/G/L.109.

135. United Nations Scientific Committee on the Effects
of Atomic Radiation, Report to the General Assem
bly, Thirteenth Session, Suppl. No. 17 (A/3838) I

1958.

136. Moljk, A, S. C. Cur ran, Beta spectra of C-14 and
S-35. Phys. Rev. 96: 395-398 (1954).

137. Forster, H. H., A. Oswald, Beta spectrum of C·14.
Phys, Rev. 96: 1030-1031 (1954).

138. ]enks, G. H., F. H. Sweeton, Calorimetric detenni·
nation of the relationship between half-life and
average beta energy of C-14. Phys. Rev. 86: 803·
804 (1952).

139. International Commission 011 Radiological Units
and Measurements, Report of the International
Commission on Radiological Units and Measure- 115'
ments. National Bureau of Standards Handbook
62 (1956).

140. United Nations Department of Economic and
Social Affairs, World energy requirements in 1975
and 2000. Proc. 1st Int. Conf. Peaceful Uses
Atomic Energy 1: 3-33 (1956).

228

103. Bishop, K. F., B. T. Taylor, Growth of tritium con
tent of atmospheric molecular hydrogen. Nature
185 : 26-27 (1960).

104. Anderson, W., R E. Bentley, R. P. Parker, et cl.,
Comparison of fission product and beryllium-Z
concentrations in the atmosphere. Nature 187: 550
553 (1960).

105. Cruikshank, A J., G. Cowper, W. E. Grummitt,
Production of Be-7 in the atmosphere. Can. J.
Chem, 34: 214-219 (1956).

106. Turner, R. c., J.M. Radley, W. V. Mayneord, The
naturally occurring alpha-ray activity of foods.
Health Physics 1: 268-275 (1958).

107. Mayneord, W. V., "Naturally-occurring alpha
activity" pp. 73-79, Appendix E in The Hazards to
Man of Nuclear and Allied Radiations. Second
Report of the Medical Res. Council, HMSO, Cmnd.
1225 (1960); u.e, United Nations document
AIACS2/G/L.555.

10S. Hallden, N. A, L M. Fisenne, Radium-226 in the
diet in three U.S. cities. Strontium program quar
terly summary report, July 1961. USAEC report
HASL-1l3, pp. 90-94 (1961).

109. Engelmann, E., Estimate of the dietary intake of
radium-226 for New York City infants. Strontium
program quarterly summary report, July 1961.
USAEC report HASL-1l3, pp. 95-96 (1961).

110. Hill, C. R, Identification of alpha emitters in
normal biological materials. Health Physics, in
press.

111. Marsden, E., E. N. Greer, Alpha-activity of wheat
and flour. Nature 189: 326-327 (1961).

112. Mayneord, W. V., C. R. Hill, Spectroscopic iden
tification of alpha-emitting nucIides in biological
material. Nature 184: 667-669 (1959).

113. Mayneord, W. V., R. C Turner, ]. M. Radley,
Alpha-ray activity of certain botanical materials.
Nature 187 : 208-211 (1960).

114. Hill, C. R., Lead-21O and polonium-210 in grass.
Nature 187: 211-212 (1960).

115. McCance, R. A, E. M. Widdowson, The Composi
tion of Foods. Medical Res. Council special report
series No. 297 (1960).

116. Russell, R. 5., The passage of the radioactive sub
stances through food chains into human diet. Gen
eral review. Suppl. to the Report of tile FAO
Expert Committee on Radioactive Materials in
Food and Agriculture, Rome, 30 Nov.-Il Dec.
1%~ ,

117, Anderson, E. C, R. L. Schuch, W. R Risher et al.
Radioactivity of people and foods. Scienc~ 125;
1273-1279 (1957).

118. United States Department of Agriculture, Hand
book No. 62, Suppl. for 1954. V.S. Gov't Printing
Office (1955).

119. Turner, R. C:.,). M. Radley, W. V. Mayneord,
Alpha-ray activities of humans and their environ
ment. Nature 181: 518-521 (195S).

120. Mayneord, W. V., Some problems in the metabo
lis!U of radioactive materials in the human body.
Clin, Radiol, 11 : 2-13 (1960).



141. Kau£man, S., W. F. Libby, The natural distribution
of tritium. Phys. Rev. 93: 1337-1344 (1954).

142. Von Buttlar, H., W. F. Libby, Natural distribution
of cosmic-ray produced tritium. H. J. Inorg. Nucl.
Chern, 1: 75-91 (1955).

143. Begemann, F., W. F. Libby, Continental water bal
ance, ground water inventory and storage times,
surface ocean mixing rates and world-wide circu
lation patterns from cosmic-ray and bomb tritium.
Geochim. Cosmochim. Acta 12: 277-295 (1957).

144. Giletti, B. J., F. Bayan, J. Kulp, The geochemistry
of tritium. Trans. Amer. Geophys. Union 39: 807
818 (1958).

145. World Health Organization, Effect of radiation on
human heredity: Investigation of areas of high
natural radiation. First report of the Expert Com
mittee, Technical report series No. 166 (1959);
u.e. United Nations document A/AC.82/G/L.356.

146. Bharatwal, D. S., G. H. Vaze, Measurements on the
radiation fields in the monazite areas of Kerala in
India. United Nations document A/AC.82/G/
R.166.

147. Lucas, H. F., D. P. Krause, Preliminary survey of
radium-226 and radium-228 (MsThI) contents of
drinking water. Radiology 74: 114 only (1960).

148. Aurand, K, W. jacobi, H. Muth, et cl., Weitere
Untersuchungen zur biologischen Wirkung des
Radons und seiner Folgeprodukte. Strahlentherapie
112: 262-272 (1960).

149. Stehn, J. F., Table of radioactive nuc1ides. Nucle
onics 18 (11): 186-195 (1960).

150. Rankama, K., T. C. Sahama, Geochemistry, Univ.
of Chicago Press, 1950.

151. Hirschfelder, J. 0., J. L. Magee, M. H. Hull, The
penetration of gamma-radiation through thick
layers. Phys. Rev. 73: 852-862 (1948).

152. Kerr P. F., The natural occurrence of uranium and
thori~m. Proc. Int. Conf. Peaceful Uses Atomic
Energy, Geneva 6: 5 and 641 (1956).

153. Love, S. K, Natural radioactivity of water. Ind.
Eng. Chem. 43: 1541-1544 (1951).

154. Jeffreys, R, The Earth. Macmillan, Cambridge
Univ. Press, 3rd ed. (1952).

155. Faul, H., ed., Nuclear Geology, pp. 89-98. John
Wiley and Sons, Inc., New York, and Chapman
and Hall, London (1954).

156. Marsden, E., Radioactivity of soils, plant ashes and
animal bones. Nature 183: 924-925 (1959).

157. Physikalisch-technische Pruefa!1stal! fuer Radio
logie und Elektromedizin, Radiological data; v.e.
United Nations document A/AC.82/G/R.102.

158. Jehanno, c., J. Labeyrie, Techniques et resultats de
mesures d'activite ambiante. Saclay, France, 1958;
v.e. United Nations document A/AC82/GjR.l79.

159. Doke, T., T. Higashimura, M. Takenchi, et al.}
External gamma dose rates from naturally occur
ring radionuc1ides in Japan.

160. Si evert, R. M., B. Hultqvist, Variatio~s in natural
gamma radiation in Sweden. Acta Radiol, 37: 388
398 (1952); u.e. United Nations document
A/AC82/G/R.15, Part 2.

229

161. Solon, L. R., W. M. Lowder, A. Shambon, et ol.;
Investigations of natural environmental radiation.
Science 131: 903-906 (1960).

162. Doke, T., Y. Takami, A. Nakamoto, et al., Meas
urements of radiation doses due to background
gamma rays by plastic scintillators. May 1960.
United Nations document A/AC82/GjL.397.

163. Spiers, F. W., Die Messting der natiirlichen Umge
burgs-Gammastrahlung. Strahlentherapie 111: 65
74 (1960).

164. Jacobi, R. B., The determination of radon and ra
dium in water. J. Chem. Soc., London, Suppl. pp.
314-318 (1949).

165. Scott, R. C, F. B. Barker, Radium and uranium in
ground water of the United States. Proc, 2nd Int,
Conf. Peaceful Uses Atomic Energy, Geneva 2:
153-157 (1958).

166. Hecht, F., H. Kiipper, W. E. Petraschek, Prelimi
nary remarks on the determination of uranium in
Austrian springs and rocks. Proc, 2nd Int. Conf.
Peaceful Uses Atomic Energy, Geneva 2: 158-160
(1958).

167. Gastein Research Institute, Information prepared
by the Austrian government relating to the effects
of atomic radiation; u.e. United Nations document
A/AC.82/G/R.19.

168. Germanov, A. I., S. G. Batulin, G. A. Volkov, et al.,
Some regularities of uranium distribution in under
ground waters. Proc. 2nd Int. Coni. Peaceful Uses
Atomic Energy, Geneva 2: 161-177 (1958).

169. Sievert, R. M., Measurements of low-level radio
activity, particularly the radiation from living sub
jects. Proc. Int. Conf, Peaceful Uses Atomic En
ergy, Geneva 13: 187~195 (1956); u.e. United
Nations document A/AC.82/G/L.15. Part 7.

170. Abbott, J. D., J. R. A. Lakey, D. J. Mathias, Nat
ural radioactivity in West Devon water supplies.
Lancet H: 1272-1274(1960).

171. Hursh, J. B., The radium content of public water
supplies. USAEC Univ. of Rochester report UR
257 (1953); u.e. J. Amer, Water Works Assoc.
46: 43-54 (1954).

172. Lucas, H. F., Populations consuming water with
high natural radium-226 contents. Argonne Na
tional Laboratory report ANL-6049, pp. 48-50
(1959).

173. IDep;opoB, E. K., B. H. Bapaaon, Cop;epsaBH8 npa
pOABLIX pap;I10aItTImBJiIX Bem;eCTB B ELTMoc4Jepe H B
BO.IJ;aX B npep;eJIax repparopaa CCCP. MOr.RBEL
(1956). ,lJ;oKyMeRT OOH AjAC.82/G/R.39.

174. Spaa, J. H., HA continuously operated instrument
for the stepwise measurement of the radioactivity
of gas sols with a special background compensa
tion" pp. 219-227 in Progress in Nuclear Energy
Series XII, Vol. 1, W. G.Marley and K Z. Morgan,
eds, (1959).

175. United States Department of Health, Education
and Welfare, Public Health Service Surveillance
Network. Data for Cincinnati, Ohio, November
1959-0ctober 1960.
Radiological Health Data, Vol. 1 No. 1, April 1960
through Vol. 1, No. 9, 1960, and Vol. 2, No. 1,
January 1961 through Vol. 2, No. 3, March 1961;

w



u.e. United Nations documents AjAC.82/G/L.496,
G/L.498, GjL.497, G/L.563, G/L.575, G/L.573
and GjL,572.

176. Burton, W. M., N. G. Stewart, Use of long-lived
natural radioactivity as an atmospheric tracer.
Nature 186: 584-589 (1960).

177. Bursh, J. B., A. A. Gates, Body radium content of
individuals with no known occupational exposure.
Nucleonics 7 (l) : 49-59 (1950).

178. Hursh, J. B., Natural occurrence of radium in man
and in waters in food. The measurement of body
radioactivity. Brit. J. Radiol. Suppl, 7: 45-53
(1957).

179. Palmer, R. F., F. B. Queen, Normal abundance of

230

radium in cadavers from the Pacific N rth
USAEC report HW-31242 (1956). 0 West,

180. Muth, R, A. Schraub, K. Aurand et al M:
ment of normal radium burdens. The m~a easUre·
of body radioactivity. Brit. J. Radial Sureml ent
54-66 (1957). . uPP, 7;

181. Stehney, A. F., H. F. Lucas, Studies on the d'
conten~ of hu.mans arising from the natural ~dium
of their environment. Proc, lnt Conf P um,
U A . E '. eaceful

ses tomic nergy, Geneva 11: 49-54 (1956),
182. Roser, F. X., T. L. Cullen, On the intensl'ty 1 I

f 1 di .. . eVe so natura ra ioactrvity III selected areas in B 'I
United Nations document AjAC.S2jG/R.34, razl,

183. United Arab Republic Committee on the EJ:t t ('
A . R di M lice sotomic a ration on an, Annual Report C' '
March 1961. ' alro,



ANNEX F

ENVIRONMENTAL CONTAMINATION

Contents

Pagt

INTRODUCTION •• 0 0 0 ••••• "••• 00 •• 0 0 0 •• 0' 0 • 0 0 •• 0 0 •• 0 •••••• 0 ••• 0 0 ••• 000. 233

Part

To PRODUCTION AND TRANS:PORT OF NUCLEAR WEA:PON DEBRIS 0 0 •••••• 0 • • • •• 234

no TRANSFER OF RADIO-ACTIVE MATERIAL THROUGH FOOD CHAINS INTO THE
HUMAN BODY ••••• 0 •••• 0 •• 0 • 0 •••• 0 ••• 0 ••• 0 ••••• 0 •••••••••••••• " 287

Ill. EXPOSURE DATA •••••••.•••••••••••••••••••••••••••• 0 •••• 0 • • • • • •• 347

IV. DISPOSAL OF RADIO-ACTIVE WASTES AND RELEASES FROM ACCIDENTS IN
NUCLEAR REACTORS •••••••.••.•••••••••••••••••••••..••••••.•.••• 365

231





ANNEX F

ENVIRONMENTAL CONTAMINATION

Introduction

and

PART!

Production and transport oJ nuclear weapon debris

CONTENTS

7-30
11-15
11-13
14-15
16-22

16
17
18
19
20

21-22

27-30
27

28-30

31-71
.31-33

31
32-33
34-37
34-35
36-37
38-47

38
39
40
41

42-43
44

45-46
47

48-52
48-49

50
51
52

P",rOllrlJp/lS

Introduction . . . . . . . . . . . . . . . • . . • . . . . . . . . . . . . . . . . . . . . 1-6

Part I. Production and transport of nuclear weapon
debris 7-120

r. PRODUCTION OF RADIO-ACTIVE DEBRIS IN NUCLEAR
EXPLOSIONS ....•............••..•....•.......

Fission products ....•.•..•..•.•.•............•.
Production ...................•..........•...
Decay characteristics ..........•............•.

Fissionable materials and induced activity .
General •.•............... , ... '" ........•...
Fi~s!onable materials ...•....•........•.......
T'ritium .
Induction in the bomb casing .
Induction in the environment " .
Carbon-14 •.....•.............•..........•...

Physical properties of substances present in the
radio-active debris ....••......•.....•........ 23-26
Atmospheric explosions. . . . . . • . . . . . . . . . . . . . . . . 23
Near surface explosions ..........•.. , .. . . . • . . . 24
Surface or shallow underground explosions. . . . 25
Other explosion types.... •. 26

Ch~mic~1 properties of weapon debris and frac-
tionation ..............•.....................
Debri.s sol~bi1ity .
Fractionation .

11. INJECTION AND TRANSPORT OF RADIO-ACTIVE DEBRIS ..
Introduction ............•......•..... , .

The atmosphere ........•.....................
Types of fall-out. ...................•........

Injecti?~ o~ radio-active debris into the atmosphere
Pa:tJt~onlng .
Injection ................................•...

Movement of debris in the stratosphere .
General ..•.........•.........•..........•...
Gmvitational settling . .,. ...•.••••...•••...•...
Diffusion .........•..•••.....••..........•...
The stratospheric reservoir .
The Brewer-Dobson model. ..........•... " .
The Spar-Feely model ........•...........•.. ,
Half-removal times .
Stratospheric aerosols "

Transport from stratosphere into troposphere .
Transport through the tropopause .
Tropopause movements ..............•........
Disturbance of the tropopause........•........
Transport through the tropopause gaps .....•...

PtJrallr",phs

The troposphere ......................•.••••... 53-60
Horizontal movements ..........•..•.••••..•• 53
Survey of air measurements .........•..••••.. , 54
Air concentrations above ground level. ..••.•. •. 55
Air concentrations at ground level. .. . . ... ... . . . 56
Capture of debris in precipitation.......•••... , 57-58
Dry removal of debris.... .. 59
Half-removal time . . . . . . . . . . . . • • . . •• . . . . . 60

Carbon-Id 61-71
CH in the stratosphere . . . . . . . . . .. .. .. . • •• . . . .. 61
CH in the troposphere.... . .. 62-64
Carbon cycle in nature... .. .. . .. 65-67
Movement of carbon in the carbon cycle..... . .. 68-71

Ill. DEPOSITION OF RADIO-ACTIVE FALL-OUT. . • • . • •• •• . .• 72-93
Rate of fall-out deposition........•.•.••.••.•... , 74-83

Methods of measurement. . . . . . . . . . . • . •..... . . . 74
Relation to airborne activity. . . . • . • . . . . • •• . • . . . 75
Relation to debris concentration in rain... . . . . . 76
Relation to total precipitation. . . . . . . . . . .•• . . . . . 77
Dry deposition . . . . . . . . . . . • • • •• • . • .. 78-79
Measurements of Sroo and CS1BT.....•••••.•.. , 80-81
Measurements of short-lived nuclides....... . . • 82
Tritium ...............•............. .••••..• 83

ACCumulated fall-out deposit. • . . . . • . . . . . • • •. . . .. 84-89
Deposition of Sr~o '" • • . . . 84-87
Other nuclides .................•......•••.... 88
Local factors influencing deposition. . . . . ••. . . . . 89

Deposition and transport in water ......•..••.... , 90-93
The oceans .....................•.....••••.. , 90-92
Lakes and rivers. . . . . • . . . . . . . . . . . . . . . . •• •• • . . . 93

IV. PREDlcrIONS OF FUTURE LEVELS. . . . . . • . . . • . •• . . . .. 94-120
Inventory of s-». . ........ ... ............... ... 97-99
Other inventories .................•.•..•••••... 100
C14 inventory •..•...........•..........•••••.. , 101-104
Prediction of future fall-out ........•....•••.•... 105-120

General ........................•....••••.... 105-106
Sr DO and CS1ST ..•......................••.... , 107-108
Deposition of Srll O and CS1B7 from tests up to the

end of 1960. . . . . . . . . . . . . . . . . . . . . . . . . . •. . . . . . 109
A model illustrating deposition of Sr9G and CS1BT

from a pattern of tests subsequent to 1960... , 110-114
CH from tests UJl to the end of 1960..•..•...... 115-118
Cl4 from continued testing..............•...... 119-120

TABLES

REFERENCES

1turoduction.

1. The explosion of nuclear weapons results in the re
lease of radio-active debris. In the case of a nuclear
explosion in the atmosphere much of this debris will for
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some time be found as airborne activity usually aggre
gated into small particles although some gaseous activity
is also present. The airborne activity is gradually de-



posited on the surface of the earth and this deposit is
usually referred to as fall-out. Fall-out constitutes the
most important source of environmental contamination
from nuclear weapons tests. Other sources, e.g. the pollu
tion of the atmosphere by airborne activity and the oceans
by water soluble debris will also be discussed in this
annex.

2. The first nuclear explosion occurred in 1945. The
rate of testing was especially high over the years 1954
to 1958; from November 1958 to August 1961, on the
other hand, the rate was extremely low. The environ
mental contamination arising from this testing is the
main subject of study in this annex. Data relating to the
large-scale testing after 1 September 1961 are still too
incomplete to permit a detailed evaluation of the conse
quent contamination.

3. The contamination of the environment subjects man
to radiation from sources which may be categorized COIl

veniently as follows:

(a) External sources consisting of the accumulated
deposit of fall-out on the earth's surface;

(b) Internal sources arising from : (1) the ingestion
of certain radio-nuclides which enter readily into food
chains and are absorbed by man to a relatively great
extent j and (2) the inhalation of airborne particulate
material which is deposited in the lungs.

4. The discharge of radio-activity from atomic en
ergy installations, hospitals and other premises, may also
cause external and internal irradiation of certain popu
lations. These populations are small and localized com
pared with those exposed to contamination from nuclear
weapons.

5. This annex presents the available data and esti
mates the present and future levels of the environmental
contamination and the doses received. The estimates are
subject to considerable uncertainty because of the in-

herent complexity of the subject ~nd th.e incompleteness
of our knowledge of tl.1C mechanisms involved and the
exact conditions of testing. However. smce the previous
report of the. Committee, .mucl~ information has been
obtained relating to the dissemination and passage of
debris from nuclear weapon tests through the biosphere.

6. This annex has been arranged as follows:

1. PRODUCTION AND TRANSPORT OF J:l:I.JCLEAR WUPON

DEBRIS

This section deals with the production and dissemina_
tion of radio-active debris from nuclear weapons with
such measured rates of deposition and total amou~ts of
debris accumulated in the atmosphere and on the earth
as are necessary to evaluate the irradiation from e.."(ternal
sources and from inhalation, and with estimates of rates
and amounts to be expected in the future under specified
conditions.

IT. TRANSFER OF RADIO-ACTIVE MATERIAL THROUGH
FOOD CHAINS INTO TIn: In"MAN BODY

This section summarizes measured levels of radio
nuclides in food and the human body as well as the pres
ent knowledge regarding the mechanisms through which
these radio-nuclides are transferred from fall-out de
posits to the human body and their possible future con
centrations in the body.

Ill. EXPOSURE DATA

This section evaluates the irradiation of human popu
lations as calculated from the data in the previous sec
tions.

IV. DISPOSAL OF RADIO-ACTIVE WASTES AND ACCIDENTAL
RELEASES OF RADIO-A~'TIVITY

Both routine and accidental releases are described, in
cluding type and amount of wastes, and the ensuing doses
to human populations are estimated.

PART!

Production and transport of nuclear weapon cUbrh

I. Production of radio-active debris in nuclear
explosions

7. The radio-active components of nuclear weapon
debris are mainly produced through the process of fis
sion. Certain heavy nuclei, like those of U2S~ and Pu2S9 ,

disin tegrate (fission) into two lighter nuclei under the
influence of neutrons. These fission products are mostly
unstable and undergo radio-active decay. During the
process of fusion (i.e., the collision and fusing of light
nuclei giving a release of energy) used in large-Size
nuclear weapons, essentially only one radio-active prod
uct is released, namely tritium.

8. The fissionable materials themselves are radio
active, as also is tritium, sometimes used in explosives
based on nuclear fusion. Not all of these materials are
used up in an explosion and they thus will be found in
the radio-active debris.

9., An ~cess of free neutrons is produced in con
nexion WIth both fission and fusion reactions. Within a
fraction .of ~ se.cond these neutrons are captured ei ther
In materials inside the weapon or in the environment of
the explosion. In this way a variety of induced radio
active materials are formed.

10. The main contamination of the environment is
caused by the radio-active fall-out deposited on the
ground. An important characteristic of most fall-out is
its particulate nature. These particles are Iormed when
the fire-ball created by a nuclear explosion cools off and
the processes and materials involved determine to a large
extent the physical and chemical properties of the fall
out.

FISSION PRODUCTS

Production

11. When a heavy nucleus undergoes fission, two
new nuclei are usually formed, which in the majority of
cases are of unequal mass. This splitting of a heavy
nucleus. may occur in a number of ways and as a result
the fission products formed range in mass from about
70 to 170 atomic mass units. The primary products
fOrt1:ed are .as ~ rule unstable and decay to for~ new
nu~hdes which ID ~tlrn may be unstable. The fiSSIOn re
action thus results In the formation of a large numberof
decay chains," three examples of which are given below
for future reference (para. 28) :
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1000
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]

where
At = activity of the fission-fragment mixture t units

of time after the explosion;
Al = activity of the same mixture when t = 1 unit Of

time;
n = a parameter which depends on the age of the

fission products.

Formula (1) is approximately valid for a mixture of
fission products formed in a single explosion. For simul
taneous thermal neutron fissions of Um, for example,
the law describes the gross beta decay to within 15 per
cent over the time period from one hour to two hundred
days if a value n = 1.15 is chosen." For the fission
products in weapon debris however, much larger devia
tions are observed, especially for the gross y_decay.HI-2o

Figure1. Decay of a fission product mixture

The half-life of each nuclide is given immediately pre
ceding its symbol. The figure below some of the symbols
refers to the fission yield (i.e., the per cent probability
per fission of forming the nuclide) in thermal neutron
fission of Um .

12. In most cases the last two or three members of a
decay chain are formed mainly from the decay of pre
cursors, i.e., these products have only small independent
yields (they are not readily formed as primary fission
products). As a consequence the total yield of these late

• members is close to the chain yield except in those cases
where branching occurs, as in chain 137.

13. The yield of any given fission fragment varies
considerably according to the nature of the fissionable
nucleus and the energy of the neutrons causing the
fission.>" Table I gives numerical values for the fission
yields of certain radio-nuclides resulting from the fission
of nuclei of various heavy atoms. The table shows, for
example, that the fission yield of Sr9 0 varies from 2.2
per cent for PU28Dto 6.8 for Th282. Since a combination
of different fissionable materials may be used in experi
mental atomic devices, the actual fission yields are likely
to be somewhat different when such devices are exploded.
The last two columns in table I give data from measure
ments on particular examples of weapon debris. 7

-
9 From

data like these the production of Sruo and CS1 S7 in past
weapon tests has been calculated. Figures of 1.00 Mc Sr9 0

and 1.70 Mc CS1 37 per 10 megaton of fission energy are
usually assumed. Later measurements" indicate values
of 1.09 and 1.73 Me respectively. Individual tests may
show fairly large deviations from these values.

Decay characteristics

14. As has been mentioned, the explosion of nuclear
devices based on fission of heavy nuclei produces a mix
ture of nuclides with a wide range of mass numbers.
In all, more than 200 nuc1ides are formed,lo-H most of
them radio-active, having half-lives ranging from less
than a second up to many years (in a few cases millions
of years, i.e., essentially non-radio-active nuclides ), This
fission product mixture decays under the emission of
beta and gamma rays, the gross activity thus decreasing
with time. Since the decay constants of the various
nuc1ides differ widely (figure 1), it is obvious that the

I', variation with time of the mixture's activity cannot be
expressed by a simple exponential law. It has been found
that the gross decay varies inversely with a power of the
time elapsed from the moment of explosion (fission),l i.e., according to the empirical law of Way and Wignec" :235



The Way-Wigner law is still useful though, as a simple
method of distinguishing nuclear weapon debris from
natural radio-activity and as a rough means of estimating
the age of fresh debris.

15. The radiation from fission product mixtures has
been studied in some detail theoretically.' 13.20-28 and ex
perimentally.29-82 It has been found that the y-spectrum
gives a reasonably accurate identification of a fission
product mixture, Its age and in some cases its mode of
origin. The average y-energy is usually within 0.64 ±
0.10 MeV but the intensity of individual y-energies may
vary to a large extent, for example three years after
fission, the total number of gamma quanta per minute
from 14 MeV neutron fission of Um is 80 per cent
higher than the value from thermal neutron fission of
um. The theoretical ratio of beta to gamma decays is
found to be close to 1 for fission products less than one
month old, but rises to a maximum of between 3 and 7
three years after fission.'

FISSIONABLE MATERIALS AND INDUCED ACTIVITY

General

16. In a nuclear explosion a large number of neutrons

are released. A~I of th~se neutrons are v;ry short-lived,
being captured Immediately by surroun~mg nUclei. This
property of the neutrons, apart from bemg essential for
the creation of the chain reaction that produces theen
ergy in the explosion, gives rise to various types of in
duced radio-activity-in the fissionable materials, in the
bomb case and in the environment of the explosion. Most
of the induced activities are of little biological signifi
cance, either because of short half-Ii fe or low yield.
Those of importance will be treated in detail in the fol
lowing paragraphs.

Fissionable materials

17. Weapons based on nuclear fission contain mate
rials which are alpha-emitters, e.g. UUG, PU239 and DISS,

Plutonium is the most important among these from the
point of view of its possible biological effects. In a
weapon in which the fissile material is plutonium, much
of this remains unchanged after an explosion. Plutonium
may also be produced in a nuclear explosion by the
reaction :38

U 288 + n----+
(3

Um )
24 min

{3
Np:llli,----t

2.3 days

Cl:PUU 9' _

24,000 y

The induced activity of N p289 is often found to be of
the same order as the gross beta activity of the fission
product mixture in fresh weapons debris.U t 20, 38 For the
same time period, i.e., ten to twenty days after an explo
sion, it has also been demonstrated'" that another induced
activity is present in some debris, namely um formed
through a (n, 2n) reaction in U28B in certain weapons.
The presence of this nuclide may be taken as an indica
tion of the explosion of a thermo-nuclear weapon."
Finally, multiple neutron capture may occur in the fission
able materials, giving rise to small amounts of transura
nium elements of atomic number as high as 100. 8G. 86

Triti1mt

18. Tritium may either be present as such in a weapon
or be produced in the explosion by one of the thermo
nuclear reactions involved.81.8 8 Although the maximum
energy of the tritium J3-decay is only 18 KeV, the long
half-life of 12.5 years and the biological significance of
hydrogen makes some consideration of its importance
desirable.

Isuluctiow in the bomb casing

19. Neutrons captured in the bomb casing and other
non-fissile materials in a nuclear weapon induce a num
ber of other activities. Radio-active iron and zinc
nuc1ides have been found in weapon debris'" as have
amounts of MnH , C057 , Co68 and COllO.10....2 These sub
stances are of little biological importance in comparison
with the fission products. In some weapon tests, suffi
cient characteristic activities of Rh102and W 186have been
produced to serve as tracers for the movement of air
borne debris.

Induction in the environment

20. The nature of the activity induced in the environ
ment of a nuclear explosion depends on the nature of the
environment. In a ground surface explosion, or an ex
plosion at such a low height that the fireball touches the
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earth's surface, about 50 per cent of the neutrons may,
reach the earth's surface and react with the nuclei of
elements in the soil. As a result radio-nuclides of many
elements are formed.'s, IS, U Thev include SiB!, Al" and
NaZ• which have short half-lives and also the compara
tively long-lived Znu , F e:l3 , Fees and Mn~ etc. This
neutron capture in mineral substances is predominant in
an underground explosion. In the case of an underwater
explosion, most of the neutrons will be absorbed bythe
water and by substances dissolved in it. The major
product is inactive IP but radio-active isotopes of Na,
K, P, Cl, Mg, S and Cd arc also formed as wellas ZnS

!

etc. mentioned above. u , 15 'When the explosion occurs
high in the atmosphere, practically all the neutrons are
absorbed by the nuclei of nitrogen with the formation of
the long-lived radio-nuclide CH.

Carbon-14

21. The quantity of O~ formed in a nuclear explosion
is determined by the number of surplus neutrons enter
ing the atmosphere. The production of CH will depend
therefore on the type of nuclear device exploded and
also on whether the explosion took place on the surface
of the earth or high in the atmosphere. A "surface" test
will produce approximately 50 per cent of the CH that
would be produced by the S<"1OlC device in the "air" test,
because about one half of the escaping neutrons will be
captured in the soil or water rather than in the atmos
phere. Practically all the neutrons escaping from the
exploding nuclear device will produce Cl1 when they are
absorbed by the atrnosphcre.w

22. Estimates of the neutron yield per megaton of
fission in fission devices have ranged from about 1.5 to
3 X 1025 for various fissionable materials. A value of
2 X 1026 neutrons per megaton has been adopted in this
annex. An even wider range of values has been estimated
for fusion devices depending on their design. Leipun
sky8T,11 has found a range of 1.5 to 22 neutrons f~r an
energy release of 180 MeV for different fusion reactIOnS,
This may be estimated as 2.2 - 32 X 1026 neutronsper



megaton. Libby4s,4o suggests a value of 3.2 X 1026 neu
trons per megaton of fission and fusion, weighted ac
cording to nuclear testing prior to 1958. Machta" gives
a figure, based on United States test experience, of
2 X 1026 neutrons per megaton of total (fission and
fusion) yield for an air burst and 1 X 1026 neutrons per
megaton for a ground burst. These latter values are
based on the assumption that equal yields of fission and
fusion were employed and are estimated by Machta to
have an uncertainty of a factor of 2. For explosions prior
to 1959, an assumption that 2 X 1026 atoms of CH are
formed per megaton of total yield agrees closely with
experimental data on the increase of atmospheric CA,.

PHYSICAL PROPERTIES OF SUBSTANCES PRESENT
IN THE RADIO-ACTIVE DEBRIS

Atmospheric explosions

23. When a nuclear weapon is exploded, an aerosol
of radio-active particles is usually formed. Two processes
are involved in this particle formation :e1 the heating of
materials brought into the fireball and the condensation
of vaporized materials. The relative importance of these
two processes varies with the weapon yield and the en
vironment of the explosion. In an atmospheric explosion,
i.e., an explosion in the atmosphere at such an altitude
that the fireball does not touch the ground, the condensa
tion process is all-important. The contents of the fireball
will consist of the vapours of the fissionable elements
and their products and of other materials used in build
ing the atomic device. As the fireball cools down, these
vapours oxidize and then condense to form tiny, solid
aerosol particles.ss, ea A prominent constituent of the
fireball is often iron vapour, and then many of the par
ticles formed are small, black spheres of magnetite
(Fea04) that are homogeneously radio-active as a result
of the incorporation of mainly fission products. The size
distribution ranges from 10 p. down to 0.01 p., the most
probable size perhaps being 0.2 p.M for a kiloton explo
sion. The specific activity is high, in one case a 4p.
particle has been found having an activity of 5 X 10-0
curie 40 days after its formation."

Near surface explosions

24. The situation becomes more complicated in the
case of a near surface explosion, i.e., when the fireball
intersects the ground or water surface to a small extent
(e.g. a tower shot), because large amounts of soil, water
or iron are included in the fireball." The same kind of
particles present in an air explosion are found, but they
are often attached to the surfaces of much larger irregu
lar particles of unaltered soil material, or in the case of
a water explosion they have been captured by water to
form slurry drops ranging in diameter from about 50
to 250 p.. Often, these larger particles have been heated to
the melting point and the originally surface-bound radio
activity then distributes more or less homogeneously
through the volume of the particle, which is spherical in
shape with a diameter of about y,;. to 1 mm'. The colour of
these particles varies from black (iron) to transparent
( silicate) with intermediary examples of red or brownish
colours (indicating a mixed composition).51 The specific
activity is again high and may range up to the values
found in air explosionsy·56-60

Surface or shallow underground explosions

25. In the case of a surface or shallow underground
explosion, i.e., when appreciable crater formation takes
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place, huge amounts of soil or water are mixed into the
fireball. The particles formed are usually large (up to
2 mm) with an irregular distribution of the radio
activity, sometimes on the surface and sometimes
throughout the volume of the particle. The specific
activity is lower than in the previous cases." However,
some small (0.1 p.) high specific activity particles are also
to be found. 51

Other explosion types

26. An underwater explosion in deep water initially
creates the same type of particles as those found after
an atmospheric explosion. Many of the particles are
however soon captured by water to form slurry drops
(para. 24). In an underground explosion where the
fireball is contained and does not break through to the
surface to form a crater, it has hitherto been found that
the fireball vapour condenses and mixes with melted
ground material which subsequently solidifies. The result
for 1-20 kiloton weapons is that 200-500 tons of rock
fuse with every kiloton yield of fission products." Some
of the gaseous debris does not take part in this process
and has occasionally been found to vent to the surface
and enter the atmosphere. In a very high altitude explo
sion it is to be expected that the fireball vapour leaves the
point of the explosion too rapidly for appreciable nu
cleation or particle formation to occur. The weapon
debris will therefore be either gaseous or made up of
extremely small particles, e.g, clusters of some hundreds
of atoms."

CHEMICAL PROPERTIES OF WEAPON DEBRIS AND
FR.A.CTIONATION

Debris solubility

27. The solubility of the debris is very sensitive to the
composition of the explosion environment, including the
structural materials of the device. Regardless of the
weapon yields," air explosions produce small particles
with high solubility. Solubilities in water of up to 30
per cent and in 0.1 N HCL of close to 100 per cent have
been found.19 Ground surface explosions produce a large
fraction which is highly insoluble but also a smaller
amount of particles similar to those from an air explo
sion.P Explosions in deep water give particles which are
highly soluble (i.e., more than 90 per cent) whether the
debris is associated with large amounts of water and
falls close in or is more widely dispersed." Shallow
water explosions finally give particle solubilities inter
mediately to these extremes. In general, stratospheric
debris is completely soluble and has been shown to be
completely available to animals.6 4-G6

Fractionation

28. The process of particle formation takes place in
only one or a few seconds after the explosion of a kiloton
weapon, and even in a megaton explosion the delay is
less than a minute. As has been pointed out earlier
(para. 11) some of the fission chains start out with a
gaseous or volatile precursor (e.g, isotopes of Kr, I or
Xe). Table II shows the percentage of some mass chains
that may be in gaseous form during the early period
after an explosion."!" Substantial fractions of some
mass chains are gaseous and this has an important effect69

on the distribution of individual nuclides among the
aerosol particles that grow out of the supersaturated
vapours of the rising cloud. Such distribution differences
are referred to as fractionation, This phenomenon is
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ll. Injection and transport of radio-active debris

INJECTION OF RADIO-ACTIVE DEBRIS lNTO THE
ATMOSPHERE

Types of fall-out

32. Particulate radio-active debris injected into the
atmosphere is to a large extent deposited on the earth's
surface as fall-out. Gaseous debris, e.g, lm, KrB6 and
C 140 2 may also reach the surface of the earth. Conven
tionally, three different types of radio-active fall-out are
recognized-local (or close-in), tropospheric, and strato
spheric:

(a) Local fall-out takes place near the point of ex
plosion and within about one day. It is significant espe
cially in connexion with surface or near-surface bursts;

(b) Radio-active debris that is injected into the
troposphere and carried around the world is deposited
on the earth's surface as tropospheric fall-out. As long
as this activity is airborne (about one month) it is re
ferred to as tropospheric debris;

(c) When debris injected above the tropopause is
finally deposited on the ground (which may take one or
several years) it is referred to as stratnspheric fall-out.
Stratospheric debris will naturally be observed in the
troposphere some time before it deposits.

33. Gaseous debris usualIy resides in the atmosphere
for a longer time than does particulate denris injected at
the same time and place. The atmospheric processes of
removal are complex and variable; for instance, PSl may
reach the ground absorbed on particles, dissolved in
precipitation, through gaseous impaction or direct ab
sorption in the pulmonary tract from inhalation of air.

Partitioning

34. The partitioning of the radio-active debris between
local, tropospheric and stratospheric fall-out depends
upon th;ee factors governing the injection: weapon
YIeld, height of burst, and the meteorological conditions.
Figure 3 gives some dimensions of the radio-active cloud
as seen about ten minutes after a surface explosion.t-"
The figure shows that the radio-active aerosols from
surface explosions with yields greater than 100 kilotons
of TNT ~11aY rise considerably higher than the tropo
pause. ThIS beco~les true for even smaller weapon yields
when the explosl(~n takes place high up in the air, and
for an atmosphe~'I~ e::plosion above the tropopause of
course all the activity IS stratospheric.

35. Direct measurements of the partitioning of debris
between local, tropospheric and strarospheric fall-ollt are
very few and uncertain. Some values have however been
postulated'<- 40, 70-78 and a summary of these is given ill
table III.7D The data are very approximate in nature.
Tht;y appl.r only. to the gross activity and not to individual
radio-nuclides like SrDO and CS1 3 7 which may partition

the troposphere, cloud formation, precipitation and
turbulent mixing are important phenomena. The strato
sphere has a more stable structure because of the tem
perature distribution. The boundary between troposphere
and stratosphere is known as the tropopause and lies at
an altitude of about 16 km in equatorial zones and 11 km
in temperate and polar regions. There are always two
main breaks in the tropopause of each hemisphere (only
one break is shown in figure 2), the first one between the
polar and middle latitude tropopause and the second
between the middle and tropical tropopause, In associa
tion with each gap there is a jet stream, a zonal wind
of high velocity.
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31. The structure and characteristics of the earth's
atmosphere strongly influence the transport and deposi
tion of injected radio-active debris. Figure 2 gives a very
schematic picture of the structure of the atmosphere. In

.......
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very complex and not completely understood, although
it has been studied both theoretically" and experimen
tally.": J.O, 32, ~1, 5S,~8, 67-69, 71-78 It is to be expected in gen-
eral that fractionation would increase with a decrease in
either the explosion yield or tile height of burst." Excep
tions to this rule have, however, been found.

29. Considering specific radio-nuclides it has been
observed" that the ratio of 5roo to total fission product
activity increases with decreasing particle size, and that
Srso associated with large particles is concentrated in a
thin surface layer. As a result, all of the 5r9 0 may be
water soluble even when appreciable fractions of other
radio-nuclides are not. Srso, p31 and CSI S7 are likely to
fractionate even more strongly than Sr"? (table 11) and
this has also been found to be the case. 08 Correspondingly,
nu elides such as 2r05 + Nb 9 5 concentrate preferentially
in large particles of refractory material, e.g, iron oxide
or silica.

30. In table II the percentage of some induced radio
nuclides that is in gaseous form is also shown together
with the fission products. From the data it is to be ex
pected that U 257 and N p280 will not Iractionate, whereas
tritium and CH will. This is especially true for CH as it
is formed outside the fireball to a large extent. It is also
likely that this C14 is rapidly converted to CO and CO2

which will then move upwards with the hot gases from
the explosion.



Figure 3. Approximate nuclear cloud dlmensionsts

MOVEMENT OF DEBRIS IN THE STRATOSPHERE

General

38. Different theories have been put forward in recent
years regarding the mechanisms responsible for the
transport of radio-active debris within the stratosphere.
It is generally agreed, however, that the factors that are
most important comprise advection, diffusion (usually
turbulent) and gravitational settling of particles. The
first of these processes, the mass movement of air, is the
most rapid with wind speeds of even more than LOO
krn/hr'" in the east-west directions. These zonal winds
distribute radio-active debris in a latitudinal band of the
stratosphere circling the earth within a few days to six
weeks after the injection. Vertical movement is not
nearly as rapid because of the thermal stability of the
stratosphere, and horizontal movement of stratospheric
air streams from north to south (and the reverse) is also
insignificant in comparison. This will be discussed fur
ther in paragraph 42.

injection. Based on the limited data available, one ap
proach is to compare the activity levels from the in]ec
tions of the autumn of 1958 with those of 1961. How
ever, the first months' of deposition are not typical of the
annual pattern of fall-out because it is expected that the
characteristic peak of debris will appear only in the
spring of 1962. Only after the measurement of this
spring peak at many places of the globe and the evalua
tions of these results can the 1961 injections be reliably
estimated. Data available (as of March 1962) include
measurements of deposition of Sroo for three months of
1961 (October, November, December) in Tokyo'" and
for one month (October) in Abingdon (United King
dom)8~ and in four towns of the United States." Most
of these measurements showed that the rate of Sr"? depo
sition in 1961 is less than in the same months of 1958.
There are data about the CS13 T deposition only in Tokyo
in the same months. The rate of CS1 87 deposition for two
months was higher and for one month less than in 1958.
Measurements of short-lived activity in air, e.g. in the
United Kingdom'" and japan," showed that levels rose
sharply in September 1961 to levels of the same order
as in corresponding months in 1958. Notwithstanding
the obvious scarcity of data as a basis for long-term
extrapolations, the similarity of the character of fall-out
levels from the tests in 1958 and 1961 permit an estimate
of the 1961 injection as near to the 1958 autumn in
jection. During 1959, a global integral from monthly
collecting sites gave 0.86 Mc Sr9 0 from the autumn tests.88

This, combined with an estimate of the corresponding
portion of the stratospheric reservoir, gave a total of
about 1 Mc Sroo (10 MT fission) ; a figure in reasonable
agreement with injection estimates of 0.6 Mc8 9 and 1.2
Mc.40s One might assume that this figure of 1 Mc is an
under estimate of the 1961 injection, bearing in mind
that fall-out could be distributed over a longer time than
was the case after the 1958 injection.

Gravitational settling

39. Gravitational settling of debris particles may be
important during the first one to two months after an
injection but there are indications that it plays a role
even for older debris. 9 1

•
9

£ One estirnate'" shows tha.t at
heights of about 20-30 km the fission product activity
may be associated with very small aerosol particles of
from 0.055-0.095 microns. According to another esti
mate,o' the particle dimensions at these altitudes vary
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differently because of fractionation phenomena, giving
smaller contributions to the local fall-out in relation to
the gross activity. For induced activities, even more
extreme conditions may apply. Tritium and CH, for
example, contribute a different proportion to the close-in
contamination than does activity induced in the soil.

Injection

36. For theoretical predictions of fall-out from
nuclear explosions, it is necessary to know the quantity
of radio-active products injected into the atmosphere.
This quantity is determined not only by the energy yield
of an explosion, but also by two quantities dependent on
the construction of the nuclear weapon concerned: the
fission-fusion ratio which gives the amount of fission
products, and the neutron yield per unit of thermo
nuclear energy which gives the CH production. Such
values of these coefficients which have been published are
not supported by published experimental and theoretical
evidence. Therefore, at present, the Committee's calcu
lations of past injections are based on the measurement
of deposition of debris and of inventories of the atmos
phere during sufficient periods of time after the explo
sion. With respect to the explosions produced before
1961, an estimate has been publisheds'- BD,B1 0 f the fission
and neutron yields of all the explosions based on postu
lated values of fission-fusion ratio and neutron yield.
This estimate is given in table IV. With the help of
coefficients from table Ill, the stratospheric injection of
explosions prior to 1961 is estimated as 68 megaton of
fission energy yield, i.e., 6.8 Mc Sroo and the quantity
of CHatoms as 24 X 1027 • The amounts of Sroo and CH
agree reasonably well with the measured Sroo deposit
(table XIV) and in the atmosphere (table XVI) as well
as with the amount of C14. appearing in the atmosphere
(table XVII). This shows that the over-all values of
coefficients and energy yield accepted in references-s- 80, 81

are not in contradiction with experimental figures for
5roo and CH although other combinations are possible.
There are estimates of the yield from the 1961explosions
(total energy yie1d-120 megaton, fission energy yie1d
25 megaton) .B2,5B The correctness of this estimate of the
stratospheric injection from the 1961explosions is as yet
unknown, as sufficient time has not elapsed to allow
measurement and evaluation of the inventory. The
principal considerations given at the beginning of this
paragraph are applicable to this estimate.

37. At present there are not sufficientdata on fall-out
from the 1961 tests to make an accurate estimate of the
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43. Several modifications of the Brewer-Dobson
model have been proposed.16,101-118 Clearly the only wa,y
of resolving the question of stratospheric transport is
through actual measurements in the stratosphere. Many
results of such measurements have now been re
ported.": 33,88,loa,114-Ul Using the nuclear weapon.d~bris
as a tracer it has been possible to map the .m~ndional
movement up to altitudes of about 30 km. This informa- I

tion is gathered both through measurements o£ actual
concentrations of such fission products as Sr J SrM,
Cel44 and of induced activities such as CH, W186 and
Rh 102. Studies of the change with tim~ of the ratio of
these activities have also proved useful m evaluating the
transport mechanisms. The ra.tio ~r89/Sr90 for ipstance
decreases in a known way With time ~fte.r fi?slOn and
its measured value is therefore a better indication of the
debris age than are data on nuclide concentrations only.
In figures 4 and 5 the stratospheric distribution of Sr99

and WI85 in the period May-June 1959 and 1960 are
shown.P? It is apparent that the maximum Sr90 concen
tration in 1959 over the equatorial tropopause had van
ished in 1960 and there were instead less intense maxima
in the polar regions. Although this is consistent with one
version':" of the Brewer-Dobson model, the data on Vf18~

(figure 5) are not. This nuclide was injected in the
tropical stratosphere in 1958 and since then (as of the
most recent measurements in June 1960) the maximum
concentration has remained stationary over the equa
torial region. In addition measurements on Rhl02 showu 2

that the polar maxima of Sr1lO in 1960 were to some
extent due to debris injected in 1958 with one explosion
at 30 km (this injection was about 3.0 Me of Rhl02 and
the nuclear cloud rose much above 30 km and probably
into the mesosphere), This debris has gradually moved
downward and poleward. The modified Brewer-Dobson
model>" has therefore met some additional objections

between 0.02-0.2 microns. Direct measu~ements9a ~a,:e
shown most particles to be less than 0.2 t;llcrons and it is
thus in general to be expected that the SIze range should
be 0.01-1.0 microns some months after injection.96• D1

Below 30 km such small particles settle extremely slowly
by the action of gravitational forces and. it ma~ therefo~e
be inferred that the particles move mainly with the air
masses in which they are suspended." Abov~ 30 km! on
the other hand. settling may occ?r mo~e r;pldly owing,
among other things, to the low air density,

Diffusion

40. With regard to the importance of diffus,ion as a
transfer mechanism of nuclear weapon debns.. th~re
seems to be rather firm evidence that the rate of diffusive
mixing is smaller in the stratosphere than in the tropo
sphere.76,98

The strotospheric reservoir

41. Apart from the early time period, 'Y~en gravi~a
tional settling may remove some of the activity, the dif
ferent processes of removal thus all app~ar to b.e rather
slow in comparison with the zonal advection, It is there
fore generally agreed that radi?-active debris inje7ted
into the stratosphere may remam there for some time,
constituting a reservoir that is only gradually depleted
when activity moves down into the troposphere and from
there to the surface of the earth. If rapid mixing and
constant fractional removal per year is assumed, the
rate of depletion may be expressed by giving a hal~

removal time of the stratosphere, To.s (the mean resi
dence time T m is often used alternatively, the relation
being Tm X In 2 = Tc,s). Only data of a very approxi
mate nature" ,99 were available for the 1958 report, and it
was stated that "the mechanism of transfer from the
stratosphere to the troposphere is not completely under
stood" .100 As no direct measurements of the stratospheric
reservoir were available, its size was estimated from the
measured rate of fall-out and an assumption of 10 years
was made for the mean residence time. This value was
recognized as an upper limit (5 years being more prob
able) and was adopted mainly because it gave a con
servative estimate of the size of the reservoir. The situa
tion has improved in subsequent years to a large extent
through studies of the atmospheric transport of weapon
debris. These studies will be described in the following
paragraphs.

The Breuier-Dobson model

42. The first efforts to explain the mechanism of
stratospheric transport of radio-active debris were made
by Machta-" and Stewart.>" Their proposal is based on
a model originally proposed by Brewerv" and Dobson->'
to explain the stratospheric distribution of water vapour
and ozone. This model assumes that besides the rapid
zonal air movement there is a slower meridional circu
lation of tropospheric air. This air is heated in the trop
ical regions and carried up into the stratosphere where
at altitudes around 30 km105 it moves polewards, sinks
and re-enters the troposphere in late winter and spring.
This model is consistent with such experimental findings
about the ground deposition of fall-out as: (a) a seasonal
variation of fall-out rate; (b) a maximum fall-out depo
sition in middle latitudes i (c) a greater deposition in the
ported.ai, 33, 88, m, IH-161 Using the nuclear weapon debris
inj ected into the lower polar as compared to the lower
tropical stratosphere. Supporting evidence has also been
found in measurements of the deposition of naturally
produced Be7. 106-1>08
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basis for describing the removal of weapon debris from
the stratosphere. There are three parameters that gov
ern the removal of injected debris: altitude, latitude and
time of explosion. If the measurements are interpreted
in terms of half-removal times these are found to vary
also with time after injection, becoming increasingly
longer. This is indeed to be expected as the stratosphere
is not uniformly mixed and as the rate of removal is
seasonal and localized rather than uniform in time and
space. The concepts of half-removal time and mean resi
dence time thus have very limited usefulness. A number
of estimates of half-removal times have been given in
the literature.P" 15B-155 Some estimates (pertaining to re
moval of the first half of the injection) have been pro
posed based on stratospheric measurements :::l~, 152

Month.s

Lower polar stratosphere (autumn injections) 5
Higher polar stratosphere , 12
Tropical stratosphere up to 20 km •.........•..... 10
Tropical stratosphere 20-30 km " ...•... , 20
Tropical stratosphere 30-45 km............•.•.•.. , 30
Mesosphere above 45 km. . . . . . . . . . • . . . . . . . • . • . • . .. 60

The uncertainty of these figures is great, at least 50 per
cent and sometimes maybe 100 per cent. Until there is a
more complete understanding of the meteorological
factors that influence stratospheric transport of debris
the values cited above should be considered tentative and
used with caution. It has, for example, been pointed
out 15S that debris injected into the lower, temperate
stratosphere may be removed within a matter of hours
under exceptional circumstances. The figures for alti
tudes above 30 km are based only on extrapolations of
measured data. Despite these uncertainties it has been
said that the upper limit is probably ten years for debris
injected anywhere in (or falling on top of) the atmos
phere.v" Similar values are not available for the south
ern hemisphere, since the northern hemisphere strato
sphere acts as a continuing source of debris passing into
the southern hemisphere. Two seasonal trends may also
be emphasized: the more rapid transport of debris from
the tropics into the winter hemisphere than the summer
hemisphere and a downward transport of high altitude
debris to the vicinity of the polar tropopause in late
winter. That much is stilI unknown about the transport
mechanisms at high altitudes can be inferred from the
fact that there is only one observation published on the
rise of a cloud from a high altitude explosion.V"

46. Although the half-removal time is based on a sim
plified concept of the mechanism of atmospheric decon
tamination, some estimate is useful in determining which
short-lived fission products may reach the earth's sur
face before they have fully disintegrated in the strato
sphere. The percentage of relatively short-lived radio
isotopes (Srsa, yet, ZrP5, Ru1 06 , PS\ Bal 4 0 , CeH l, Cel "' )

falling out from the stratosphere onto the earth's surface
increases as the stratospheric half-removal time dimin
ishes.

Stratospheric aerosols

47. In connexion with the measurements on strato
spheric debris it has been foundm -160 that there exists a
natural aerosol layer extending from the tropopause up
to about 25 km with a maximum concentration around
20 km of about 1 particle/cm". The particles are mostly
composed of ammonium sulfate or persulfate and have
radii in the range from less than 0.1 to 1.5 microns.
It has been estimated-" that weapon debris has a coagu-
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Figure Sa. Stratospheric distribution of W1B5 in dpm/l0B SCF
(= 0.016 /lltc/mB) corrected to 15 August 1958, during May
June 195915 2

FigHre Sb. Stratospheric distribution of W185 in dpm/103 SCF
(= 0.016 /lltc/m B) corrected to 15August 1958, during May
June 196015 2

as a result of the high altitude samplings. Possibly these
and other objections may be overcome through the fur
ther modifications suggested by Goldsmith and Brown.P"
A basic uncertainty in dealing with this problem is the
lack of data from above 30 km altitude.

The Spar-Feely model

44. One difficulty with the unidirectional poleward
flow postulated in the Brewer-Dobson model is the find
ing that although an injection of debris into the tropical
stratosphere is noticed after some months in temperate
and higher latitudes, there is also a southward movement
frorn polar injections.v- Evidence of this151 was the col
lection at 20 km at 30° N on 4 October 1961 of debris
frorn an explosion injected in the polar region some
time between 10 and 15 September 1961. The total
beta activity was about 40,000 dpmj/m" and later samples
showed even higher concentrations. In order to explain
this and other results discussed previously, Spar and
Fee1y H 1, 144,146 have proposed the existence of a bidirec
tional, diffusive exchange rather than a unidirectional,
mass flow in the stratosphere. Actually two phenomena
may be involved in this model, only one of which is dif
fusion, the second being that the zonal winds are not
strictly zonal but show a meandering pattern, the effect
oeing larger in temperate and especially polar latitudes
than close to the equator.

20

Hall-removal times

45. Present meteorological evidence is evidently in
sufficient to permit a definite choice as to what model best
represents the characteristics of the stratosphere. How
-ver, the measurements referred to have given a better
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lation half-life with this natural aerosol at 20 km of 20,
80 and 280 days for particle sizes of 0.005, 0.01 and 0.02
microns. It may thus be that small radio-active particles
are incorporated into the natural dust background before
they are removed from the stratosphere. This may have
some effect on the rate of removal, especially of debris
from high-altitude explosions that is of very small par
tide size. It has also been suggested that the influence
of solar radiation on particle transport may be decisive,
especially in the early expansion stages of the radio
active cloud.1 a 2 The significance of these two processes
can at present not be evaluated from experimental data,
however.

TRANSPORT FROM STRATOSPHERE INTO TROPOSPHERE

Transport throuqh. the tropopcuse

48. The characteristics of the tropopause probably
play a crucial role in the stratosphere to troposphere
transfer of radio-active debris. Danielsen':" has made
an extensive study of the tropopause concept and dem
onstrated that it is not that of a "membrane" preventing
mass flow of air. Rather, the tropopause should be de
fined as a surface lying between one high-stability region
(the stratosphere where the temperature increases with
altitude) and a region with low stability (the troposphere
where the temperature decreases with altitude). If isen
tropic surfaces are calculated from measured data on
temperature and pressure, it is found that these surfaces
may intersect the tropopause.v" This means that mass
movement of air is possible across the tropopause, al
though this may not occur to the extent necessary to
explain quantitatively the transport of debris from the
stratosphere to the troposphere. However, isentropic air
transfer in combination with rapid vertical diffusion may
explain the steep gradient of airborne activity concen
tration immediately above the tropopause (figure 6).105
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49. Diffusion across the tropopause may occur but is
probably of little importance.w" It has been shown" that
for fresh debris, gravitational settling of 5 micron size
particles is faster than diffusion into the troposphere
As the debris gets older, gravitation plays less of a role'
although the existence of the natural aerosol laye;
(para. 47) may still promote some settling of debris.

Tropopause lIw'Vt'men/s

50. There is a seasonal movement of the tropopause
(figure 2) that could account for much of the transfer
of debris to the troposphere. This movement is noticeable
in the temperate latitudes and of particular importance
in the polar regions where the tropopause vanishes during
arctic and antarctic winters.1u4 It is then sometimes noted
that the temperature continues to decrease with altitude
even above 10 km ancl turbulent mixing may therefore
take place to very high altitudes. In the polar and tem
perate regions large volumes of the lower stratosphere
may thus be incorporated each spring within the tropo
sphere. This trend is reversed in the autumn.

Disturbances of the iropopause

51. Staley158 has pointed out that in connexion with
large-scale atmospheric disturbances in temperate and
polar latitudes, vertical air transport mal occur from the
lower stratosphere and down to an altitude of 1-2 km,
i.e., the lower troposphere. Although this observation is
based on only one example of an extratropical storm that
was considered typical, there is some evidence in support
of Staley's finding. Miyake et aJ."1GIl-1B9 have found a good
correlation both between the incidence of an cxtratropi
cal disturbance and high radio-activity in air and rain
and between the frequency of such disturbances (as
measured at the 500 mb level) and the global 5r90 de
posit (figure 7). For the second correlation to be mean
ingful the stratospheric concentration of debris close to
the tropopause should be fairly constant with latitude.
This assumption seems reasonable from figures 4 and 5.
Additional support may be found in the fact that a study
of the stratosphere between 30°-90° N in the spring of
1959 88 showecl the net zonal removal to be approximately
proportional to the area of tile zone, i.e., a curve of a
shape similar to figure 7 (except between 30°-40° N).

Transport thrOl~gh the tropopauscgaps

52. The possibility of mass transfer of air and debris
through the tropopause discontinuities or "gaps" (fig
ure 2) has been extensively referred to in the literature.
According to Staley,':" however, "there is no meteoro
logical evidence that jet streams must flow downward" .
Direct sampling in the gap region"e shows some mixing
of stratospheric and tropospheric air but the magnitude
of the phenomenon is not impressive as judged from
these data.

THE TROPOSPHERE

Horizontal movements

53. The transport of radio-active aerosol clouds within
the troposphere has been extensively studied.!" It has
been found that the radio-actin' clouds from explosions
of comparatively low power, reaching altitudes of be
tween 7 and 11 kilometres, enter the zone 0 f persistent
horizontal winds. Horizontal air stream speeds in this
zone are usually so high that radio-active clouds can circle
the earth within two or three weeks, or even less. Direct
observation from aircraft of the movements of a corn'
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(4S0N)/B2 in Panama (100 N),m and in England
(52° N)184 on 23, 24 and 28 February respectively, and
finally in Sweden (600 N)185 and Czechoslovakia
(50° N) 186 on 1 March 1960. In another case it has
been suggested that tropospheric debris from injections
at about 70° N appeared in about a month in Australia
(1So S).187 It is perhaps possible to generalize about the
average distribution from repeated tests at the same site
and say that tropospheric debris tends to produce a maxi
mum air concentration displaced towards temperate lati
tudes irrespective of the test site location.7G,188 But it
should in any case be realized that only evaluations of the
synoptic situation can give a detailed explanation of re
sults such as those shown in figure 9. l8U

80 70 60 50 JI;J :30 20 10

Latitude CJi
Figure 7. Frequency distribution of trough at 500mb and fall-out16B
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pact radio-active cloud17 o, l7l has shown that the cloud
lengthens in the direction of movement and in some cases
may divide into independent sections where there is a
steep wind speed gradient with altitude (figure 8).172

The assertion is sometimes made that tropospheric debris
distributes in the general latitude in which the explosion
occllrred.46,40, 173, 174 As is evident from figure 8, this is a
great oversimplification. Recent measurements have
shown that a tropospheric injection at latitude 27° N
on 13 February 1960 was found in the ground level air
in Ghana (5° N) on 14 February.>" in Cairo (30° N)
the next day/7o,m in Bombay (200 N),178 and Crimea
(45° N)170 on 16 February, in Japan (35° N)180 and
Israel (32° N) lBl on 17 February, in Romania

15

Figure 8. Early history of the Mike cloud17 2
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Figure 9. Total beta activity in surface air (ppc/mS) 1SlI
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Survey of air measurements

54. A large number of measurements of weapon debris
in tropospheric air are now available.": 69,88, JIU..'1.'21,1135

1'O,U4,1.7G-'276 Most of these data relate to measurements
of the total beta-activity of fission products. The princi
pal shortcoming of these latter studies is that the age of
the investigated activity, with rare exceptions, remains
unknown; the energy spectrum of the radiation and the
nuclide composition of the activity is then also unknown.
It is therefore impossible to utilize these data either for
an accurate evaluation of health hazards (F Ill) or for
an explanation of tropospheric transport of debris. In
view of the large amount of work that has been done
the world over in measuring total /3-activity of air (and
rain, para. 74) one might express the hope that the gen
eral uselessness of total ,a-measurements might be more
widely realized and modifications introduced in future
measurement programmes so as to yield meaningful
results. In consequence, the data on airborne activity
reviewed here will pertain only to measurements giving
some indication of the age or composition of the fission
product mixture.

Air concentrations above ground level

55. There are at present relatively few data on activ
ity concentrations in tropospheric air above ground
level.8S,llG,llS, 195, 20T, 258, 217, 278 Table V19 5, 207 gives some-
data on the average concentration of Sr90 and CS1 37 in the
atmosphere over the USSR in 1955 and 1956. Figure 10
shows the variation of CS1 87 with altitude and time,giving
some stratospheric and ground level measurements for
comparison.t"- "27T, 278 A seasonal variation of airborne
debris is clearly demonstrated as well as an increase in
concentration with altitude.

Air concentrations at ground level

56. Measurements of air concentrations at ground
level are much more numerous than those at higher alti
tudes. Existing determinations of Sr9 0 show the same
seasonal variations as observed for CS13 7 (figure 10)
although the effect is much less marked for the southern
hernisphere.P'" 121,H4,192, 205, 215, 21S, 220-227, 229, 231, 288, 284 It is
also evident that the northern hemisphere has a con
siderably higher amount of airborne activity than the
southern part of the globe, but this difference decreased
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Figure 11. Latitudinal distribution of some fission products in
ground levelair212,220,250,412

Capture of debris in precipitation

57. A relationship has been established between me
teorological factors and the concentration of debris in
tropospherical air and rain.15S,165-168,283-286 It has been
shown for instance that increased concentrations of fis
sion product ratio-activity in ground level air has ac
companied the passage of anti-cyclones, Le., higher pres
sures and descending air currents. The formation of
"stagnant zones" at the confluence of cyclonic and anti
cyclonic currents is also conducive to more intense depo
sition of aerosols on the earth's surface. It is apparent
from this and other worksa. 16 that removal of aerosol
particles occurs much more rapidly than in the strato
sphere. The main reason for this is the scavenging effect
of tropospheric precipitation. Although the effect is not
understood in detail, several mechanisms have been
recognized as possible explanations of the scavenging
process :16,281-280

" .. .
I ";:

H~~
10.

17
J 1958 J 19:19 J 1960 J II

Figure 12.Partition of CS131in surface air near Chicago, USAI

10.13.---------------------

(a) Aerosol particles may act as condensation nuel
for water vapour.!": 291 This effect has been shown to I
small at least for debris consisting mainly of silicates (
iron oxide;292

(b) The vapour pressure gradient around a growin
raindrop or snow crystal may induce capture of aeros
particles. F acy29s-295 has shown that this phenomena
may be important for particles smaller than 0.1 micro!

(c) Inertial capture of particles through irnpactic
with falling raindrops and snowflakes.290-2.08 This effe
has been shown to be of importance only for particle SiZI
greater than 5 microns ;299, 800

(d) Capture by Brownian motion has been dernor
strated to be very effective for particles less than 0.(
micron but becomes unimportant for sizes over 0
micron P"

(e) Other alternatives have also been discussed'" ln
seem to be of negligible interest.

Evidently aerosol particles in the range of 0.1-5 micror
may not be removed by scavenging as efficiently as 31

other sizes. Independent evidence of this is furnished 1
measurements on tropospheric aerosols.801-304

58. Attempts to establish a correlation between tI
concentrations of debris in ground level air and in rai
have met with varying success. There is usually little (
no reduction in the ground level air concentration durir
rain,213, SOl, 805, S06 but prolonged, heavy precipitation Cl

lower the air concentration appreciably.soT,sos Furthe
more, the activity of raindrops from a natural rain clot
has been found to be the same at an altitude of aboi
2 km as at ground level.SOil This means that the mecln
nism whereby fine aerosol particles are captured by fa!
ing raindrops is not very efficient. The scavenging effe
of falling snow may, however, be greater. Effectii
scavenging by aerosol capture apparently occurs durin
the formation and subsequent growth of the raindrop
Other data in figures 13810 and 14166 show that there is
general tendency for the activity concentration to di
crease as the amount of precipitation in a sample ir
increases.!" This can be explained either by assumin
nucleation to be of primary importance and the huge
drop size of a heavy rain giving more diluted cancer
trations than in a slight rain, or it may be postulate
that drop growth is more important, a greater rate 0
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from 1959 to 1960, presumably because of the rapid
fall-out of the debris injected in the polar stratosphere
in 1958. As the number and distribution of the sam
pling stations does not represent a truly v.:orld~wi~e
network a detailed evaluation of the global situation IS

difficult. The latitudinal distribution of different nu
elides has been studied in some detail and results of the
measurements are given in figure 11212,220, 250: 472 which
shows a minimum close to the equator and higher con
centrations in temperate latitudes. The time variation of
CSH1 was exemplified in figure 10 and a large number of
studies are now available both on this nuclide114

, 115, 185,
205,211-228,280 and on others.12o, 185,205,210-221,233,219 W181

and W1&5 produced in the summer 1958 equatorial tests
and Rh102 produced in the 1958 high-altitude equatorial
tests provided unique tracers and made possible the s?b
sequent identification of debris from these tests. USIng
this technique, it has sometimes been possible to partiti.on
the airborne activity between different stratospheric m
jections. Figure 12 shows such data281 for CS131 in air
in the vicinity of Chicago. It is of interest to note that
debris from injections into the very high equatorial
stratosphere was not observed in appreciable quantities
at ground level until more than a year281,282 after in
jection.
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Figlwe15. Results of measurements of fall-out materials during
the period September 1956-January 196D258

Curve A: Concentration of fall-out materials in the lower
stratosphere over SE Norway. Each point represents the result
of one measurement.

Curve B: Monthly average concentrations of fall-out mate
rials in air near ground level. Each point represents an average
value of measurements from 9 stations.

Curve C: Monthly average concentrations of fall-out mate
rials in precipitation. Each point represents an average value of
measurements from 12stations.
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Figttre 13. Fluctuations in rainfall rate (mm/h, upper curve)
and fluctuations in specific activity (arbitrary units, lower
curve) uersus time in the Netherlandss-?

Dry removal of debris

59. The scavenging action of precipitation is not the
mly process that removes radio-active debris from the
roposphere, Gravitational settling may occur, especially
'or freshly injected debris. It may also be of some im
rortance even for older debris, however, since there is
ndication that the presence of natural or industrial
ierosols in the ground level air increases the concentra
ion of airborne activity": m, 312 presumably through eo
.gulation which, as discussed previously (para. 47), may
re quite rapid for submicron particles. This conclusion
s only tentative, as other explanations are possiblev"
nd the effect sometimes is absent.>" Impaction, vertical
"lass movement and eddy diffusion of air are other

~
.?:.....
oa

f

Rainfall amount (mm)

Figure 14. Variation in specific activity of rainwater with
amount of precipitation in Japan1 a6

rainfall depleting the airborne activity inside the rain
cloud. A third possibility is that the evaporation of fall
ing raindrops is greater in a heavy than in a light rain.
Whatever the detailed explanation, it is found that on
the average over a long time there is a good correlation
between ground level air and rain concentrations (figures
15 and 16).258, .278 This is a reflection of the fact (figures
La and 16) that the concentration of debris in the air at
ground level closely follows the activity fluctuations in
J.igher tropospheric air most of the time.
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factors contributing to the removal of debris from the
troposphere. All these factors are, however, best dis
cussed in connexion with measurements of fall-out depo-
sition on the ground (para. 78). .

Half-removal time

60. The rate at which tropospheric air is cleared of
aerosols is conveniently expressed in terms of a half
removal time. Because of the greater rate of mixing in
the troposphere, this concept is more applicable here
than in the case of the stratosphere. A summary of avail
able evidence" indicates a value of about twenty to
forty days as a realistic half-removal time for debris in
jected in the troposphere above the rain-bearing layers,
i.e., about 4 km.

CARBON-14*

CH i11, the stratosphere

61. An extensive series of stratospheric CO2 samples
have been collected by the United States Atomic Energy
Commlssion-" in conjunction with the ASHCAN
project. The stratospheric contents of CH at various
periods of time have been computed from these data
and are given in table VI. The estimated accuracy is -t- 30
per cent.

*For discussion of (14 see also annex E.

CI" i,~ the troposphere

62. The first experimental verification of increasedC1I

levels due to nuclear tests was reported in 1957 .91~ the
delay between substantial production in 1954 a~d ex
perimental verification of an increase in specific activity
of the troposphere being due to the hold-up in the strato
sphere. Subsequently, this increase has been followed by
various workersm -n g who have shown that by mid-1959
the increase in the northern hemisphere troposphere was
about 27 per cent and in the southern hemisphere trop
osphere 18 per cent. The rate of increase with time in
the troposphere of the two hemispheres is shown in
figure 17 and is consistent with that expected from mix.
ing into the troposphere from a stratospheric reservoir
of CH, the content of which has been increasing with
time. In 1960a decrease in CH levels was reported.880111.l
The 0" produced from high yield explosions is virtual!
all transferred to the stratosphere as shown by themeaZ
urernents of CH activity of ground level air in the Philip
pines before and after the United States Castle testseries
in early 1954.833

63. The measurements of CH activity of tropospheric
air have been made either by direct separation and col.
lection of CO 2 from the air or by using contemporary
plant material. It has been generally assumed that the
CH activity of contemporary plant material reflects di
rectly the activity in the troposphere but this may not
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necessarily be so for trees, since it is possible that sig
1 nificant fractions of the carbon in the young leaves has
, been derived from sources which have been stored for

significant periods in the trunks or roots.!" Although
little information is available, it may perhaps be con
cluded that analyses of annual plants provides more
information on the current 0 4 activity in the tropo
sphere. Thus, while CH activity measurements of con
temporary biospheric materials usually give the same
value as obtained for ground level air, care is needed in
the interpretation of this type of measurement.

64. The greater increase observed in the troposphere
of the northern hemisphere compared to the southern
hemisphere is as expected, because all large-scale injec
tions of artificial CH have been into the northern hemi
sphere stratosphere. However, the present difference
between the tropospheric C14 levels in the two hemi
spheres would level out in the absence of testing in a
few more years owing to the inter-hemispheric exchange
of air masses.v": 554 Evidence also exists for a small but
positive latitudinal effect in CH levels of the northern
hemisphere troposphere during the period 1956-1959855 .

Carbon cycle in nature

65. Considerable study of the carbon cycle in nature
and the distribution 0 f Cl4 884,886-865 has been under
taken in the last decade. As a result of biological processes
and of circulation in the oceans, the carbon which is con
tained in the atmosphere, in living matter and in the
oceans is cycled at a rate that is very rapid on a geologic
time scale (time scale of the order of a few hundred to
a few thousand years). The main reservoirs of carbon
that are generally considered in order to determine the
present and the future distribution of CH, and the rela
tive sizes of these reservoirs, are given in table VII.

66. The amount of carbon in the atmosphere and the
total amount of carbon in the carbon cycle are known
with reasonable accuracy (within 10 per cent); how
ever, the figures given in table VII for the amounts of
carbon involved in the biosphere, humus and surface
waters of the ocean could be subject to considerable error
(up to 50 per cent).

67. The rate of carbon exchange between the reser
voirs of the exchangeable system varies from three to
seven years for the mean life of a carbon dioxide mole
cule in the atmospherevv B16, BM, B50, 851, B61 to approxi-
mately 1,000 years for the mean life of a carbon dioxide
molecule in average deep ocean water before its transfer
back to the atmosphereB11,m (para. 71). In the case of
the sedimentary system, exchange of the carbon with
that of the atmosphere takes place only very slowly
time scale of the order of millions of yearsBM,B4B-and
hence the C14 content of the sedimentary system is neg
ligible.

M ovement of carbon in the carbon cycle

68. Prior to 1900, the CH distribution within the car
bon cycle was in a "steady state", for although the carbon
in the various reservoirs did not have the same 0 4
specific activity, the CH specific activity in any given
reservoir was constant with time. Since 1900, however,
mankind has upset this steady state situation in two ways.
First, the combustion of coal and oil has added to the
atmosphere an enormous amount of "CH-free" CO2
which has reduced the CH specific activity of the atmos
phere and those reservoirs in rapid exchange with it
(Suess Effect).BBP,864 Secondly, in recent years the test
ing of atomic weapons has added noticeable amounts of

C1402 to the atmosphere, thereby increasing the Cl~ sp~
cific activity of the atmosphere and those reservoirs 10

rapid exchange with it.
69. There are, therefore, three ti~~periods over which

measurements of CU specific activity ma1 be used to
assist in the determination of the dynamICs of carbon
cycle. These time periods are:

(a) Prior to 1900, steady state distribution of CH;
(b) 1900 to 1952, Suess Effect decrease of CH spe

cific activity;
(c) 1952 to the present, CH incorporated from nu

clear weapons and a smaller fraction incorporated from
the operation of reactors.

70. A convenient method of investigatin~ the dynam
ics of the carbon cycleBB4,S5D-352. 56B, Slf15-861 IS by mathe-
matical analysis of a model consisting of va:iol1s reser
voirs in the exchangeable system between which transfer
of carbon is assumed to be determined by first order rate
constant and within which mixing rates are assumed to
be rapid compared to the transfer rates. The values of
the various exchange constants are not known accurately,
so there is corresponding uncertainty in predicted levels.

71. The exchange of carbon between the atmosphere
and the surface ocean is the main process which de
termines the distribution of added CH in the carbon
cycle. Considerations of the three separate time
periodsll~6,350, 852, 368 referred to in paragraph 69 lead to
estimates of the mean life of a CO2 molecule in the
atmosphere, before transfer to the ocean, ranging from.
three to seven years. A less important role is played by
the transfer of carbon from the atmosphere to the land
biosphere. Investigations of the process of photosyn
thesis in the biospheres4S-8-u suggest that the mean life 0 f
a CO2 molecule in the atmosphere before its entry into the
biosphere is of the order of thirty years. The average age
of deep ocean water relative to surface ocean water is
of the order of 1,000 years.516,81'T,S6~871

m. Deposition of radio-active fall-out

72. Data on air concentrations were given in the pre
vious section and here experimental values of fall-out
deposited in soil and water will be reviewed. These con
centrations vary with time and from region to region.
Whenever possible, therefore, data on the concentration
of radio-isotopes include reference to the geographical
co-ordinates and the time of collection. The curves and
graphs attached may be used for rough quantitative
assessments.

73. The process of fall-out deposition is in general
terms.t1;e r.esult of th~ action of atmospheric phenomena
(precipitation and wind) at the ground surface. It is
customary to distinguish between wet and dry deposition
the first process comprising the impaction of debris con~
tained in rain, snow, etc., on the surface of the earth the
second being the impaction of the debris particles tl~el11
selves. The wet. deposition is usually the more important
process .except 10 and regions where the dry deposit may
predominate.

RATE OF FALL-OUT DEPOSITION

Methods of measurement

74. Fall-out rates have been studied in many parts of
the w~rld for ~any years .using a variety of methods.
Samplmg techniques have included funnel and pot col-
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lectors, often in combination with an ion exchanger,
sticky paper and gauze trays, to mention the more im
portant methods used for the collection of wet and dry
depositions. Sampling techniques were discussed in the
previous report of the Committee and the differences in
collection efficiencydescribed. Subsequent measurements
011 these samples have employed both advanced tech
niques of radio-chemistry and gamma-spectrometry as
well as simpler measurements of total ,8-activity. As in
connexion with airborne activity (para. 54) it may again
be stated that measurements that give only the total ,8
activity with no indication of the age or composition of
the fall-out are of little value for the interpretation of the
resulting health hazards.F" Again, therefore, greater
emphasis will be placed upon data specifying fall-out
composition.

Relation to airborne activity

75. The deposition of fall-out has been shown very
clearly to result mainly through precipitation falling on
to the earth's surface. 88, :1.20, 144, 873 As most precipitation
originates in the lower troposphere, the rate of fall-out
in any particular region should as a rule be determined
by the tropospheric airborne activity. It is important in
this connexion to distinguish between short- and long
term conditions. Short-term (daily) variations in depo
sition do not correspond too closely to the short-term
variations of the same nuclides in the air. In certain
cases, a decline in the fall-out rate of Ce1 4 4, CS1 87 and
Sr80 coincided with an increase of their concentration in
air. 225 If, on the other hand, long-term conditions are
considered, one would expect an averaging out of most
chance fluctuations in the concentration of airborne
activity and of most differences in the properties and
origin of the clouds bringing rain to the area concerned.

Relation to debris concentration in rain

76. As was shown earlier (para. 58) the specific con
centration of activity in rain varies WIth the amount of
precipitation in the individual rainfall (figures 13 and
14). Yet, taking monthly averages, this effect was found
to be less important, the rain concentrations showing a

fairly good correlation with airborne activity (fig
15 and 16). This fact and the assumption made it
previous paragraph of a relation between airb
activity and fall-out rate suggest that only a poor
relation should exist between fall-out rate (apPI
mately equal to amount of rain X concentration in r
and the total amount of precipitation. This is in
found to be the case when data are studied as a furu
of time at one place.202, 805 Figure 18 shows monthly
from the United States'"" and figure 19 gives ye
averages from the United Kingdomv" both base!
measurements of Sr80 in rain. In addition tables '
and IX give values for Sr"? and some other nuclides,
of special interest to compare figure 19 with the dat
airborne activity from the same place (Milford Ha'
shown in figure 10. The approximately uniform incr
in 5r80 accumulation over the period 1956-1958 Cl

sponded to a uniform air concentration over these 1

years. In 1959 there was a threefold increase in th
concentration corresponding to a sharp rise in Srllo cl
sition rate in spite of the fact that the yearly preci
tion was almost constant. The low air values in late
and 1960 finally gave rise to an abrupt decrease if
fall-out rate.

Relation to total precipitation

77. If there is thus a poor correlation between
rainfall and fall-out rate at one place as a functio
time, there exists a good correlation between the 1

two quantities for different places over the same
period.v": 870, 877 This is true at least for limited are,
homogeneous climatic conditions, but the conclusion
also hold when points at great distances are camp.
Miyake et al.107, 108 have shown that it may be possib
describe global deposition of Sroo with an empi
formula:

F d = G(I - e-2P + O.06P)

where F d is the deposition, C,is the amount of airb
radio-activity in the rain-bearing air column above
surface area and P the rainfall amount. If C is take
0.054 me SrOO/km2 in the northern temperate zone ar
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1956 1957 1958 1959 1960

.25 0.18 mc/km2 cm

20

10

0.03mc/km2 cm

0.01 rnc/km2 cm
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0.007 mc Sr9°fkm2in the tropical region between 15° N
and 20° S then the fit between theory and data is as shown
in figure 20. Examples of limited areas 870• 877 are shown

01 Winter

x z Spring

.3 Summer

A4 Autumn

a

, '...
"'><,;1 . t measured

,/ values

in figures 21 and 22 based on quarterly data of Sr9 0 and
in figure 23 relating the fall-out of CS1 87 over several
years with the precipitation in that same period.P" The
points in figure 23 correspond to different places in
Norway and Sweden. Even within limited areas excep
tions to this rule have however been found, giving for
example 878 in 1958 monthly averages of 54 and 69
mc/krn'' of beta activity in two places where the average
monthly rainfall was 306 and 47 mm respectively. This
particular finding, however, is not conclusive, as it is
based only on a total beta measurement.

500 . 1,000
Rainfall mm / 3 month

Figure 21. The relation ~etween the, quantity of 5roo and the
quantity of ram deposited per Unit area of ground during
three months (United Kingdom, 1958)876

I

n

oo

1000
mm preeipUati9n 1953·19S9

Figttre 20. World-wide 5roo fall-out and amount
of precipitation167.U8

I: C = 0.054 me SrOO/ km2 in temperate zone
II: C = 0.007 me Sr90Jkm2 in tropical zone
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Figure 23. Correlation between CS18T soil activity and
rainfaIl in Sweden120
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vapour from the atmosphere into the SOU 382 •
383 or on to

herbage.
79. The quantitative relationship between "dry" and

"wet" fall-out of radio-active aerosols on different parts
of the earth's surface depends on climatic conditions.For
example, in an area with comparatively heavy precipita
tion, such as Norway, the average monthly proportion

o 1 W.inter
x 2 Spring
·.3 Summer

A 4 Autumn

measured
values

1.0

500 1,000
Rainfall mm/3 month

Figl"e 22. The relation between the quantity of Srllo and the
quantity of rain deposited per unit area of ground during
three months (Japan, 1958)811

Dry deposition

78. Dry deposition of fall-out may occur in at least
three different ways. Gravitational deposition may be im
portant for fresh fall-out. Observations in Cairo176,177

two days after a tropospheric injectionand in Bombay1'18

one day later showed intense fall-out (100 and 170
me/km" of total beta activity respectively) despite the
complete absence of rain. The calculated amount of long
lived activity was very small, however, for example less
than 0.01 mq/krn'' of Cs181• Another dry process is the
inertial deposition of aerosol particlesassociatedwith the
flow of air over objects on the grouncl37ll , SBl mainlygrass
and leaves of trees. A third mechanism, finally has been
described by Facym.:Z1l3,2D~ proposing that deposition
may take place by the nocturnal diffusion of water

Ui

1l"J!

~tgl
t,12.
~,,!

!~:~tJ

~~tn
: ~e

':';~el
~;~w

:~enla

~(tl il
:~e[>(

'J:JtS,

196119601955 I 1956 I 1957 I 1958 I 1959

FigMe 24. Monthly fall-out rate of Sr90 in New York City9

252

1954

0.5

-:E
8 1.6
i:..
I)
Do

N e
'8.~

1.0.;;
u
E

2.0



1.3

J.l

1.0

0.9

0.8

0.7

1957

III N V VIVUVI1IIX X xiXII I 11 III 'N V VI VIlVUI DC X' xrXII I 11 III!'f V' VI VlIVIIIDC X xr XII. I I ,. Months andyears
195B 1959 1960

Figvrl25. Average monthly fall-out rate of Srao in USA11T

Figure 26a,b. Global distribution of Sr~o 88,116,188,278

try" fall-out between November 1958 and Septem
959 ranged from about 10 to 72 per cent. This is
. to have included some gravitational settling of the
r particles present shortly after a test. The average
irtion of "dry" fall-out during that period was about
~r cent.12 0

Measurements of S,.90 and Cs'"

The Committee has received a large number of
ts giving data on the fall-out rate. The following
ences give measurements of SrDO.81.~0.102.113-11&.166,

.102.186,200,206,201,206,216,224,226-241,814-818, 885--418 Some
pleswill be found in figures 24 and 25 and tables X
G. For CS131 the following references may be
~0.162, 118,22,,226,221,282, 234, 28~, 876, 816, 88~8D' and for
nuclides, like Sr88, Ce1H, Zr86 etc. :60,102,113.118,206,

,221,230,282-286 Tables XII and XIII contain
of these data. A survey 88,110,188,216 of the aver
lobal distribution of SrDO is given in figures 26
7. The latitudinal variation of the fall-out rate
changes with time that are consistent with a short

nee time of polar injections. Spring maxima are
It in both hemispheres. occurring in March to May
northern and in September to November in the

.rn hemisphere. As the number of sampling sta
vithin each latitude band does not constitute a rep
ative selection with regard to geographic differ
in annual rainfall, two curves are shown for each
eriod, one giving the arithmetic mean of observed
, the other a mean weighted for annual rainfall.

253

2.0

4.0

3.0'

30'
North

a. Doc'mber 19Sa·F.brulll')' 1959

_ ..... Aclual dop•• m.,.,
- Relnf'lI c,noctiOll

.......... '.........
... .

b.M,rch.M'1 19S9'

30' .

South



3.0 ..--- - - - - - - - - - - - - - - - --'-- --,
e, June-.'.~st 1959

Aetnal deposition

----- Corrected. £Cl" mesn reinfall

g. Ma:y-June 1960

---------
h., JuJ,y-August 1960

i. SeptElllber.october 1960
ok:::::::================:::::::::=====~

0.5

j. NOVlllIlber-Decsmber 19/.1)

ok:::::==::::::::======="""====:=:::::::::=-----====l
0.5

North South
Figure 26c-j. Global distribution of Srao 88,116,lBB, 216

From figure 27 a fairly good correlation between air
borne activity and fall-out rate can be inferred, as was
suggested in the previous discussion (paras. 75 and 76).

81. Measurements of Sr~o and CS181 could be comple
mentary if the ratio Cs1S1/SrOO were known. This ratio
usually lies between 1.5 and 2.0 although occasional
values lying outside these limits have been observed. The
determination of Sr90 involves a complicated chemical
analysis and CS131 samples have been found to require
considerable care in the collection technique if errors
larger than 50 per cent are to be avoided.s" It is there
fore not surprising that the CS187/SrD° ratio, which ac
cording to some measurements has an average value of
1.7,2BB, B75, 'H, 415 in other cases has been reported to be
2.8 with single values up around 8.383All of these devia
tions need not be analytical errors, as it is evident from
table I that the Cs131/Sr~O ratio may vary between 0.93
and 3.05 for different modes of fission. In addition it
has been shown that fractionation-" and differing trans
port properties of different size particles may play an
important role.1 B' , 256, 251

Measurements of short-lived nuclides

82. The seasonal variations observed in the Sr~o al
CSlB1 fall-out rate are not necessarily found with respe
to more short-lived nuc1ides like 2r9 5, Sr89 or Ba1

Here the time of injection becomes more important sin
the deposition is largely tropospheric. In the case of I
no deposition may be observed later than about ~
months after injection. Figure 28IGO, 418 shows the van
tion of Sr80fall-out from 1956 to 1959.

Tritium

83. A number of studies have been made on the <
mospheric transport and deposition of tritium.m~

It has been found that tritium is deposited main
through the action of precipitation, rain and snow eo
taining tritiated water. In figure 29411, 418 the fall-out ra
of tritium from 1951 to 1960 in the vicinity of Ottaw
Canada, is shown. The values for 1951-1953 correspor
to the natural background (E 56) whereas in 1954(
maximum found in individual rains is more than 11
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ACCUMULATED FALL-OUT DEPOSIT

Deposition of SrOO

84. The cumulative deposit of different nuclides is
customarily measured in either of two ways, through
extended measurements of fall-out rate or through ra
dio-chemical separation of the activity in soil samples.
The first method is preferred for short-lived nuclides
like pal and BaB o; the second method is considered to
be more precise for Sroo and Cs187, but most often both
sources of information are used for the latter nuclides,
Extended measurements of fall-out rate have been pre
sented in previous paragraphs. Integrating the rate gives
the deposit and the results of such a procedure are shown
in figures 30-32.H 6• 226, 276, are, 876,480, 4Sl There is a large
amount of data currently available (December 1961) on
radio-chemical analyses of soils for Sr9 0 content. &9, 1~2, 118,
"117) 174. 192.196,207, .224-221,234-.25£1,242-244, 3S4:, 88'7,893, aas, 402, 4.0:9-411,

41S,482-HS The error of most of these data is considered
not to exceed + 10 per cent as a result of the radio
chemical separation. On the basis of 1.960-61 data an
effort has been made to draw a map of the world-wide
distribution (figure 33). Only in North America are the
data numerous enough to allow the drawing of isolines.

85. If the soil data are extrapolated through the use
of rainfall values and the correlation between rainfall
and fall-out rate (para. 77) it is possible. to construct
more detailed maps,80B but the accuracy of this procedure
is perhaps not too great. For North America it has been
possible in this way to show«4 higher Sr90 levels due to
tropospheric fall-out from the Nevada Test Site injec
tions. Figure 34 shows the Sr90 excess above the world
average from this cause. The figures have been arrived
at through subtracting from the total Sr9 0 deposit a con
stant value corresponding to the stratospheric fall-out.
Recent observationsv" indicate that this procedure may
lead to an overestimate of the tropospheric fall-out.

86. The Sr90 data may be combined in 10° latitudinal
bands to show the average world-wide distribution
(table XIV). The data of table XIV is shown in fig
ure 35. This obviously gives a less detailed picture than

NRL AVERAGE AIR
CONCENTRATION

- Norther" H,",llptl"1
--- Southern Hlml.ph".

SURI"ACE DEPOSITION

11

0.01
0.008

\0

T,,'"log date..:
r ' ...
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'~,l \ -- ,

\ ' \..."..r"" "<, JiI"1IC: 4" i ..........*"lJ''' \ /

~ \/
JFMAMJJASONOJFMAMJJASONOJFMAMJJASONO

1959 1959 1960

Figure 27. Global fall-out rate and surface
air concentration-ts

times higher. From data like these it has been con
cIuded418,m,428 that the atmospheric half-removal time
is no greater than thirty-five or forty days for tritium.
Essentially this conclusion holds only for tritium con
tained in water molecules, but the existence of a large
stratospheric reservoir of tritium in the form of hydro
gen molecules is not likely as judged from measurements
on stratospheric hydrogen.m

30

20

10

0&----A:;.L.----=~_L....l..JL.._==_....,...-__........I_ -=--I..-__...,...". ..L- ~_-..l

1955 1956 1957 1959

Figure 28. Rate of fall-out of Sr8 g in Milford Haven, United Kingdom1 02 , 878, 87~, 894
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Figure 29. Tritium in rain and river waters in Canada.417 , H s

a map, the high values, for example, on the west coasts
of Norway and the state of Washington, United S~a;tes,

raising the latitudinal mean only slightly. In addition,
the values in some latitude bands are based on highly
limited numbers of measurements and consequently the
error in the average may considerably exceed the 10 per
cent898 error in measurement.

87. It is finally possible to integrate the latitude dis
tributions of Sr~o for different years and to arrive at
values for the total deposition as a function of time.
This yields for 1956 a figure of lA -I- 0.4 Mc Sr90

, while
for 1958 the value is 3.1 -+- 1.0, for 1959 5.4 -I- 1.6 and
5.4 -I- 1.6 for 1960. The uncertainty is obviously great
and a much closer network of sampling stations (outside
North America) is needed if better data are wanted.
It has been found that a correction factor of 1.18 applies
to such deterrninations of Sr9 0 as only 85 per cent of the
strontium present is extracted on the average. This
factor applies to broad average values but should not
be used to correct individual values. Here, therefore, it
has been used in giving the average figures above but all
other Sr9 0 data given are uncorrected.

Other nuclides

88. Soil data on nuc1ides other than Sr'" may be found
in the literature 481, 446...H9 and some are given in table
XV. These values are based on gamma spectrometrical
methods.

Local factors influencing deposition

89. It should finally be pointed out that local differ
ences of fall-out deposition may be found. Soil samples

256

taken, for example, at twelve different points of the
relatively small island of Hokkaido differed in Srua con'
tent by a factor of more than ten. 48G Such variations could
arise in two ways. Topographic factors may cause
marked differences in the deposition of rain and hence of
fall-out over small areas; furthermore, after it has been
deposited, activity may be displaced by the movement of
surface water and wind.

DEPOSITION AND TRANSPORT IN WATER

The oceans

90. The fall-out activity in the oceans arises mainly
from three sources: deposition of tropospheric and
stratospheric fall-out, close-in fall-out from land and
water surface explosions, and rainwater run-off carried
by rivers into the oceans. The two first effects presum
ably dominate the deposition of fall-out over the sea, the
first perhaps being 1.5-2 times greater per surface area
than over land, as judged from measurements in the
Black Sea region.8l1 Activity deposited on the water sur
face rapidly mixes down to about 100 m depth.45o From.
there downwards the rate of exchange is much slower/"
For this reason and because of the surface movement
of ocean water, the variation of water concentrations of
fall-out with time, place and depth is extremely complex.

91. Measurements of total j3-activity as well as Sr'°
and other nuc1ides have been reported.P" 227,284, :135, 191,

451-~66 Values 457 , 4 Gl of around 4 J.l.J.l.C Sruo/loO I in the
northern Atlantic and a corresponding value of 2 in the
southern Atlantic have been reported. The concentration
at 50-1,000 m was about half the surface values but
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Figure 32. Accumulation of CS1 8 7 in soil of Japan 4 81

1959 in the eastern Pacific. Similar results have been
found for CS1 81 . 462, 4 68

92. Variations in tritium concentration were also ob
served in seawater.v" In samples collected from the sur
face of the sea at a number of widely-spaced points
ranging from Arctic latitudes (74° N, 91° W) to 47° N,
47° W, the tritium concentration in the second half of
1954 and the beginning of 1955 fluctuated between 4.2
and about 3 tritium units.* The data are too limited to
allow any conclusions to be drawn about the world-wide
conditions.

Lakes and rivers

93. Data also exist for lake and river waters the world
over.2:11, 225,286-239,242-2440,268-210,465-468 In general values
around 0.1-1 /-kfLC $1'90 and 0.05-0.2 fLfLC CSJ.31 per litre
water are found/81

, « 6 but both higher and lower values
are occasionally observed. There is a trend in concentra
tion similar to that of the fall-out rate, but the variations
with time in anyone lake or river are smaller, as could
be expected. It has been estimated468

, 469 that the run-off
of $1'90 by rivers to the sea is about 1-10 per cent and
that of CslBT 2-6 per cent of the yearly deposition but this
value is likely to vary between different water sheds.
The amount of $1'1)0 in ground water, finally, is usually
too small to be detectable.v" Measurements of tritium
concentrations in ground water samples collected from
bores at a depth of 40-SO mm showed that, between
February 1954 and July 1959, the tritium concentration
fluctuated between about 1.4 and 0.4 tritium units, i.e.,
was appreciably lower than in sea water and very much
lower than in rain water.

OU-L..L..L.;u..I..LW.w...~.LU..u.J..U,..w...r..LL..u.JU-I..U-L _

94. It is obvious from the discussion in the three pre
vious sections that the process of fall-out deposition on
the earth's surface is extremely complex. It therefore
follows that the task of forecasting the deposition is very
difficult. This has indeed been found to be the case
already in connexion with predictions of local fall-out
although this phenomenon is of short range and dura
tion in comparison with the world-wide fall-out. There
are two separate problems to consider in this connexion :
(a) prediction of future fall-out from past testing i
(b) prediction of future fall-out from hypothetical
future testing.

*1 tritium unit = 1D-18 H3 atoms/hydrogen atom.
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Fi!J1lre 30. Variation with time in the cumulative Sr90 fall-out
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Figure 31. Cumulative deposition at Milford Haven,
United Kingdom81 5 , 876

NE'I/ YORK(276)

further down at 2,000-3,000 m no strontium was dis
covered. Higher values have been found in the western
Pacific4 5 3 varying between 80-310 fL/-kc/100 I of surface
water in 1957-59. At 5,000 m453 the values were about
one-tenth those at the surface while at 6,000 and 8,000 m
no Sr9 0 was found. 4 6 2 , 468 Lower values were found in
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Figttre 35. Mean concentration of Sr90 in soil at
different terrestrial latitudes
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Because so many assumptions must be made, no precise
calculation is possible, especially as any nuclear devices
tested in the future and the conditions of these tests may
differ substantially from the past atomic tests with which
we are familiar. These considerations must be clearly
realized before any conclusions can be drawn from the
future predictions that are presented in the following
paragraphs.

INVENTORY OF SRoO

97. Measurements of the atmospheric concentrations
from close to the ground up to 30 km have been evaluated
to give the inventories shown in table XVI.~52.470 Data
on deposition may be taken from soil measurements
(para. 84) and integrations of the fall-out rate.88.no,~88,

~52. 276 All these data are summarized in figure 36. Owing

ure 34. Sr90 in USA soils from tropospheric fall-out444

. The first problem can be given an approximate
ion on the basis of experimental measurements.
rventory of pres.ent activity levels in the atmosphere,
le ground and m the oceans can be established to
n about a factor of 2. The future changes in these
voirs may then be forecast to give a picture of the
.ge world-wide deposition of fall-out in years to
••Also ~he .latit.udinal and to a ce:tain extent the geo
Heal distribution may be descnbed in an approxi
manner.

TJ:1e second problem cannot be solved in this way;
olution has to be based on assumptions. And a large
ie.r of assumptions are necessary to give an answer.
ierrtion the more important ones:
) Total amount of testing;
) Types of weapons;
f Weapon yields;
) Heights of burst;
I Season when bursts take place;
I Test site latitudes;
) Meteorological conditions.

I •

19621961

-•

1960

·Total

1959

~.
,.. - - ---10-.--------1-- ---..,:.:.-~-:..--1
1.._- - -- ..... _--':1" 1__ ....)•

1956 1957 1958

Figme 36. Inventory of SrDO

·a
1955

,.
19541953

o Soil !IleasurernentB

f'=:'i Atmosphere measurements

~,precipitationmea5ureroentB
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to radio-active decay the total amount of Sr9 0 continu
ously decreases with time at a rate of 2.5 per cent per
year.

98. A closer analysis of the data in figure 36 reveals
that from the end of 1958 to mid-1961 the stratospheric
reservoir diminished from 1.5 to 1.0 Mc of Sr90, i.e.,
a difference of 0.5 Me, Over the same period of time a
world-wide deposition of about 1.5 Me can be inferred
from soil and rain measurements. As there were no
appreciable injections of Sr90 during this time, the data
are inconsistent. If, as has been suggested, there is a
higher deposition over the oceans than over dry land,
this discrepancy would be even greater.

99. The discrepancy in the inventory data is most
likely explained by inadequacies in the sampling system:

(a) No samples taken above 30 km in the strato
sphere;

(b) Too few samples in the northern polar strato
sphere in 1958 and 1959;

(c) No deposition samples reported for large areas
of the world, especially the oceans (figure 33).

Thus it is possible only to speculate about the actual
situation. One possibility is that the stratosphere above
30 km contains older debris than hitherto assumed. This
assumption is supported by the observations": 281 that
about 50 per cent of the Csm in ground level air in late
1960could be from injections earlier than 1958. On the
other hand, stratospheric rneasurementsv" of the ratio
CeW/Sr90 (which varies with the age of the debris) do
not show any appreciable influx of older debris from
above 30 km.

OTHER INVENTORIES

100. The measurements reported on CS187 are too few
and limited. in scope to allow the establishment of an
inventory similar to the one for Sroo• The same can also
be said for a number of other nuc1ides, like Sr89, 21'95
and Ce144, that are of some importance as possible health
hazards. In the case of CS187 the production in relation
to Sr90 can be estimated within fairly narrow limits and
as this ratio stays almost constant with time, an inventory
of Csm may be arrived at in an indirect way. This pro
cedure is however open to question both because of vary
ing production ratios (table I) and because of the pos
sible importance of fractionation phenomena. Yet this
approach is the only possible one at present. For
Cs187/Sr90 a value of 1.7 is usually assumed and this
value is also adopted here. A simple multiplication of all
Sroo data by 1.7 will therefore describe the CS187 inven
tory according to paragraphs 97-99.

CH INVENTORY

101. From the measurements of C141evelsin the tropo
sphere and the stratosphere the artificial CH inventory
may be computed and compared to that calculated from
data on the total energy yield of nuclear weapons, as
given in paragraphs 36 and 37.

102. The data shown in figure 17 for the increase of
the CH activity in the troposphere were obtained by
measurement of the increase of (1' activity relative to
natural CH activity. No measurements above 30 km are
available however. Conversion to atoms of CH was done
on the following basis: the troposphere contains five
sixths of the mass of the atmosphere, the CO2 contentof
the atmosphere is 310 ppm by volume, and the specific
activity of natural carbon is 14 + 1 dpmjg. The tropo
sphere of each hemisphere thus contains 15 X 10z1 atoms
of cosmic ray produced C14 and each 1 per cent increase
corresponds to the addition of 0.15 X 1021atoms of ca
to the troposphere.

103. The amount of artificial ca in the biosphere and
surface ocean cannot be accurately determined by direct
measurements at the present time and hence must be
calculated using exchange constants and reservoir size
data as deduced from the studies of the carbon cycle,
Computed values for the CH content of the biosphere and
ocean, along with the stratospheric and tropospheric con
tents as indicated by experimental data, are given in
table XVII for 1 July 1957, 1958, 1959, and May-June
1961.

104. The value of 14 X 1027 atoms for the total arti
ficial ca inventory for 1 July 1958 appears reasonably
well established. 819,411 An estimate of the ca production
from that date up to 31 October 1958 may be obtained
from the data given in the hearings of the United States
Joint Committee on Atomic Energy.s? This leads toan
expected production of an additional 5-8 X 102! C"
atoms in that period, i.e., a total inventory of 19 to
22 X 1027 CH atoms as of October 1958. Using the
experimentally determined value of 9 X 1027 CH atoms
as of 1 January 1957, Hagemann et al.'71 estimate a total
inventory of 25 X 1027 CH atoms for 31 October 1958,

PREDICTION OF FUTURE FALL-OUT

General

105. The first requisite of an accurate prediction is
an accurate inventory. A second necessary conditionis a
realistic model that describes the complex transport SIt
uation. As is apparent from the foregoing discussions,
there is appreciable uncertainty on both of these points,
Any future prediction will of course inevitably be
affected by this. One conclusion may therefore at the
present time be that there is no need for adopting a com
plicated, mathematical treatment of the prediction
problem. A simple approach, although more approxi
mate, will be in better line with the uncertainties inthe
data.

106. In the 1958 report of the Committee the predic
tion of future fall-out was based on the simple exponen
tial model, i.e., assuming a constant fractional removJI
of debris from the atmosphere. The deposition Fd{t)
and the rate of fall-out Fr(t) were determined by the
equations:

: (

Fr(t) = FreO) . e-}.t • e-i: + n [ 1 - e- M • e-i.l
1 + ATm
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fall-out from tests conducted after the end of 1960, in
which large-scale testing is resumed in the year 1961
with an injection of 1 Mc Sr90 and 1028 atoms of 04
and continues for specified periods with the same annual
injections of Sr99 and CH. Within this context, four
cases are considered:

(a) Tests are discontinued at the end of 1961 ;
(b) Tests are discontinued at the end of 1962;
(c) Tests are discontinued at the end of 1965;
(d) Tests are continued indefinitely.

U1. It is assumed that the stratosphere is cleared
according to an exponential law with a half-removal time
equal to 2~ years. The results of calculations for SrBG

are given in figures 37 and 38. CS131 activity is calculated
assuming it to be 1.7 times the Sr90 activity.

To.ls.nding .nd of

1970 1980 1990 20:00 2010 2020

Figure 38. Future fall-out rate of Sr 90
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107. For nuclides like Sr 90 and CS181 which have half
lives much longer than the mean residence time in the
stratosphere, the ultimate deposition on the ground is
relatively independent of the value assumed for the resi
dence time. Effects that depend only on the magnitude
of the total deposit (e.g, uptake by plant roots) thus
vary only little with the assumed residence time.

108. Rate-dependent processes (e.g. uptake by plant
leaves and plant base absorption) are directly affected
by the residence time. Assuming a short residence time,
there will practically be only one year that is character
ized by a marked effect. For a longer residence time,
several years would show a less marked effect. The over
all dose delivered over several years will not vary appre
ciably with different residence times.

Deposition of Sr" and CS U7 from tests up to
the end of 1960

109. The deposition of Sr90 from these tests was
largely completed by mid-1960 and was about 5.4 Mc
Sr90 (para. 87) and the atmospheric reservoir was about
1.2 Mc (table XVI). The injections of 1959 and 1960
w-ere small enough not noticeably to influence the global
distribution of CS 181 and Sr 90 • The Sr80 deposit from
weapon tests carried out up to 1960 is predicted to reach
a maximum value of 5.8 Mc Sr90 in 1964 and then to
decay with a 28-year half-life (figures 37 and 38).

where Fa (0) t r, (0) and Q (0) give the deposit, fall
out rate and atmospheric inventory at the start of the
prediction period (t = 0). T m is the atmospheric mean
residence time, A the radio-active decay constant and n
the rate of injection of debris.

A model illustrating deposition of Sr90 and Cs'" from a
pattern of tests subsequent to 1960

110. As was pointed out in paragraph 36, for theo
retical predictions of fall-out from nuclear explosions
it is necessary to know the quantity of radio-active prod
ucts injected into the atmosphere. At present there are
not sufficient data on fall-out from the 1961 tests (para.
37) to make an accurate estimate of the injection from
those tests. In addition, there is no way in which the
Committee can predict the pattern of future testing and
therefore no way of predicting the actual fall-out levels
from any such tests. Accordingly, as an illustration, the
Committee has chosen a model for the estimation of
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K I , K II are the exchange rates of reservoirs I and 11.
Index () stands for natural CI~

Q = number of atoms formed
or in numerical form, the addition of 22 X 1027

ell

atoms to the atmosphere can be expressed as
N = 25 (0.% e -002031 + 0.04 e -Q.OOOl
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where N is expressed as a percentage of the natural
CH level.

118. In the simpler 2 reservoir model, the exchange
of carbon between stratosphere, troposphere and surface
ocean is assumed to he rapid and they are considered as
a single reservoir which is in exchange with the d~ep
ocean. The resulting mathematical expression, ~ccord,~g
to this mode, for the future atmospheric and blOsphenc
levels will be:

(c) There will be a further fall with a half-periadof
about 1,000years-owing to equilibration with the dee
ocean. \Vhen equilibration is complete, the CH level i~
the troposphere will be approximately 1 per cent above
normal;

(d) This 1 per cent increase above normal will then
decay with the mean life of CU-8,OOO years.

117. Figure 39 shows the biospheric level of artificial
Cl' expected on the basis of both a 5 and a 2 reservoir
model for the following conditions: addition of 22X 1021

atoms of CH; average residence time of CH in the
stratosphere before transfer to the troposphere-five
year.; average r~sidence ti.me of CU in. the troposphere
before entrance into the biosphere-s-thirty years; aver
age residence time in the troposphere before transfer to
the surface ocean-five years; average residence time in
the surface ocean before transfer to the deep ocean
1,000years. The value of 22 X 1(}:l1 atoms of CU repre
sents a probable value for what has been injected as of
the end of 1960 (para. 104).
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where
NI, NIl are the total number of atoms of C 14 in reser

voirs I and I I

If all quantities vi CI.j are to be expressed as fractions
of the natural C l 4 level, we shall, dividing by N l o ,

obtain the following resu Its:

NI = JL . i(t)
N I o N l o

Cl~ from tests up to the end of 1960

115. The present distribution of the inventory of arti
ficial CH from tests of nuclear devices to date is known
with an accuracy of probably ± 20 per cent. Before the
dose received by biospheric material from this added CH
can be calculated, future biospheric levels of artificial
CH must be deduced. This can be done mathematically,
but the accuracy is limited by the uncertainty in the
knowledge of the exchange rates between reservoirs and
the total CH content of these reservoirs.

116. A limited amount of data all CH tropospheric
levels for 1960m has come to the attention of the Com
mittee. From the available information, it now appears
that the tropospheric levels resulting from the injection
of CH by nuclear testing up to the end of October 1958
may be described as follows:

(a) A peak CH increase of about 30 per cent above
normal was reached in the northern hemisphere tropo
sphere in late 1959, and levels are now decreasing, being
about 25 per cent above normal in the troposphere of
both hemispheres in late 1960;

Cb) There will be a fall with a half-period of several
years to between 10 and 20 per cent above normal->
owing to equilibration with the biosphere and surface
ocean;

112. The latitudinal distribution of future fall-out
would be expected to follow the general pattern of
figure 35. A larger fraction of debris f ram polar and
temperate latitude injections is deposited in the northerr.3
hemisphere. In the past this has amounted to about 1::>
per cent more for polar injections than for equatorial
injections.

113. On these assumptions the maximum deposit
from tests completed by the end of 1961 should occur
in 1966 and be about 6.5 Me. The rate of fall-out could
in 1962, however, be higher than 0.7 Me (figure 38)
but would then be correspondingly less in subsequent
years. In figures 37 and 38 curves have been drawn ~on:e

spending to tests being discontinued at the end of 1961,
1962 and 1965. These Curves give no indication whatso
ever of the actual extent of future weapon testing.

114. For short-lived nuclides, a long delay between
injection and deposition will give time for considerable
radio-active decay. Early deposition will however bring
down measurable amounts of short-lived nuclides. This
early deposition has taken place largely in the hemisphere
of injection. Probably the residence times for polar and
temperate inj ections are shorter than for equatorial in
jections, and the doses from short-lived isotopes will
be greater for polar and temperate injections than for
equatorial injection. Radiation closes from the fall-out
of these isotopes have been calculated in annex F,
part Ill.



C1~ from continued testing
119. The rate of testing and/or the rate of injection

of CH atoms into the atmosphere varied considerably in
the period before cessation of nuclear testing. In para
graph 103 and table XVII we see that the total (1' in
ventoryas of 1 July 1957, 1 July 1958 and 1 July 1959
was 10.5, 13.8 and 21 X 102T atoms respectively. We
shall now consider a hypothetical case of continued test
ing which results in an average annual production of 1028

CH atoms per year.

120. The future distribution of this additional Cl'
could be found by estimating the content of each reser
voir at some future time on the assumption that it con
tains the CH from each of the previous years as esti
mated by either the 5 reservoir or 2 reservoir model
analysis (paras. 117 and 118). On the basis of the two
reservoir model and continued injection of CH,the future
atmospheric and biospheric levels at any time (t)
will be;

If the quantity of C14 is expressed as a fraction of the
natural C1 4 level we shall, dividing by NlOt get a
formula, as follows:

NI (t) =~ jtf(t)dt
N l o N I o 0

where'[B = annual injection of C14, or in numerical
form~with an annual rate of production of 1028 atoms
C14

N = 525 (1 - e-O.02o9t) + 3,650 (1 _ e-O.000126t)

where N is expressed as a percentage of the natural (14
level. This means that under these conditions, the bio
spheric level would be expected to increase over the next
one or two hundred years to a value of about four times
its natural C14 content, and then increase much more
slowly over tens of thousands of years to a value of the
order of thirty times the natural (1' level (figure 39) .

TADLE 1. FISSION YIELD OF CERTAIN RADIO-NUCLIDES RESULTING FROM THE FISSION OF
HEAVY NUCLEI BY THERMAL AND FAST NEUTRONS1-1I

Fission yield (%) from fission Oytherma! neutrons, fission spec/mm
neutrons (fast) and neutrons with energy of 14.~ MeV

Fission Ul" U... PulSi U'" Th'" U'" U'" HASL
Product Hal/-II/e (/h."nal) (fast) (fasl) (fast) (jast) (14 MeV) (14 M,V) TID 5555 (117)

[{rSll ••••••••• 10.6 years 0.30 0.25 0.07 0.14 0.42 0.25
• ao 50.5 days 4.79 4.15 1.44 2,81 6.7 4.2 3.2 2.93 2.56~r .........
• 90 28 years 5.77 4.38 2.23 3.2 6.8 4.5 3.1 3.5 3.50~r .........
~'I•••••••••• 58 days 5.4 5.21 2.69 3.68 7.2 4.64 3.78 3.65 3.76
~r95 ......... 65 days 6.2 6.72 5.12 5.7 4.69 5.40 5.17 5.07
R.u 108 •••••••• 7 days 3.0 3.97 6.25 6.6 0.16 3.5 4.89 5.20
R.u10S •••••••• 1.01 years 0.38 0.47 6.17 2.7 0.042 1.58 3.11 2.44
ib' 15•••.....• 2.0 years 0.011 0.059 0.123 0.024 0,48 0.65 0.29
III ........... 8.05 days 3.1 3.11 4.85 3.33 1.2 4.02 5.29 2.89
ret 82 •••••••• 77 hours 4.7 4.44 6.32 4.7 2.4 4.2 4.7 4.24
133................ 20.8 days 6.9 6.02 6.19 5.72 5.4
::eIU •••••••• 30 years 6.15 6.18 6.8 6.2 6.3 5.10 5.71 5.76 5.57
laUD•......• 12.8 days 6.35 5.79 5.0 5.7 6.2 4.16 4.65 4.88 5.18
::e l 4.1 •••••••• 33 days 6.0 5.29 4.65 5.62 9.0 4.47 4.45 4.58
::e1H •••••••• 288 days 6.0 4.76 3.66 4.5 7.1 3.3 3.3 4.42 4.69

TABLE n. PERCENTAGE FRACrION OF MASS CHAIN IN GASEOUS ORVOLATIf.E FORMOT,08

Mass ehai"

89 .
90 ........................•..............................
95 .

103 .
131 " , , ......•......
132 , .
137 " , ......•......
140 .
141 , , ......•...... , .
144 .

Other nu elides
Ha .
CH..•...........•..•.................•••.•..........•..
U 217•••••••••••••••••••••••••••••••••••••••••••••••••••••

N p 25? ••••••••••••••••••••••••••••••••••••••••••••••••••

Time a/t.r fissioll

1 sec. 17 sec. 35 sec.

100 100 100
100 99 94

20 0 0
65

100 100 100
60

100 100 100
96 90 75

30 15
10 0 0

100 100 100
100 100 100

0 0 0
0 0 0
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TABLE HI. ESTIMATED PARTITION PERCENTAGE OF DEBRIS (FISSION PRODUcrS) BECOMING LOCAL,
TROPOSPHERIC AND STRATOSPHERIC FALL-OUT BY TYPE OF SHOT711

Shol si.6 6(1uallo or OIl6/'
1 MT

100
20
80
o
o

20
20

100

o
80
20

100
100
80
80
o

Local

Shol siu und6/' 1 MT

Tropo
sphuk

Tropo- Slralo-
.phui, ,phuic

1 99
1 20
1 79
0 0

Air......... .....•. ...•.... ..•..•...•••• 0
Land surface. ••. . . . . . . . . . . . . . . . . . . . . . . . . . 79
Water surface. . . . . . . . . . . . . . . . . • . . . . . . . . . . 20
Deep underwater....................•. , . . 100
Contained underground ................•..
Low tower. ...•.....................•....
High tower ........•.....................
Balloon .............................•...

Local

TABLE IV. FISSION AND FUSION ENERGY YIELDS OF NUCLEAR DEVICES46,81

Puiod
Fis.ion yield (megalon.)

Air tests Surface tests

Fusion yield (megalons)

A.ir 111". Surface 1I1.1s

0.19
1
5.6

31

1945-1951 , ...............•....
1952-1954..•......•....•.•.•.............. ,
1955-1956. , •..............••...............
1957-1958 •.•...............•.............. ,
1959-1960 .

TOTAL 37.79

0.57
37

7.5
9
0.07

54.14

5.4
26

31.4

22
9.5

19

50.5

TABLE V. MEAN CONCENTRATIONS OF CS18 T AND Sr90 IN THE ATMOSPHERE
OVER THE USSR19G,207

Dale of
.ampl1ng

AlIitutk of
aclivity
.ample

(;n m6Ire.)

Conun- Concen-
trauo» 01 Iralion 01

c4<.i..m·137 .Ironlium-PO

PI' curi.s/m' PI' CI/ries/m'
of air of air

Ratio 01 numb.r
of atoms

Csll1 C,U/

Sr" Sr"

TABLE VI. STRATOSPHERIC CONTENT OF ARTIFICIAL ItADIO-CARBON1GO

• Values in parentheses are calculated.

Over European USSR
From 3,000 to 7,000 0.026

Over Far Eastern USSR
From 3,000 to 7,000 0.020

Average over USSR
From 3,000 to 7,000
From 3,000 to 7,000

7,000
7,000
S,OOO

7.4
6.1
8.4
8.0

Radio
Clrbsn
conlenl

(10'1 CIl
alom.)

0.34
0.44
0.25

0.35-0.74
0.4

(0.005)* 5

(0.006)* 3.5

0.0014
0.014
0.013
0.018
0.011

Dol.

1 July 1957 .
1 January 1958..•.....••.•..•••••..•..•••.••..••
1 July 1958.....•.....•••......•.••.••. , •••.•.•••
May-June 1961 (preliminary data) ••. , .•.••••...••..
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8.6
8.0
5.6
6.6

Radio
carbon
content

(101T ClI
atoms)

May 1955 .

July-August 1956 .

March-April 1954 .
March-May 1955. , .
December 1955 .
April-July 1956 .
August-December 1956, .. ,.

Dale

1 July 1955 .
1 January 1956...•..•.....•.•......•.•.•..•...••
1 July 1956.•.....•........••••.••..•.•••••••....
1 January 1957.; ••••.•••.•.•••••.•..•.•.••.•••...



TABLE VII. DISTRIBUTION OF CARBON ON THE EARTH AND CU CORTENT OF RESERVOIRS
IN THE EXCHANGEABLE CARBON CYCLE

Carbonresm-oo;r

Mass of .arbon
(cf.m' of

&seruo;r ear/h's surfae.)
Normal in ..../cry

ojCHa/oms

Atmosphere. • • • . . . . . • . . . . . . • • . . . • . . . . . . • . . I
Biosphere (terrestrial) .....•..•.....•...•...
Humus .
Surface waters of ocean (above thermocline). . . . I
Remainder of ocean (deep ocean wa.ter). . . . . • . 11

TOTAL, in "exchangeable" system

Sedimentary carbon .......•..•..............•.•.••...
Organic carbon in sediments...•.......................
Coal, oil. etc ..•...........••.•.............•...•.•...

0.125
0.06
0.20
0.18
7.50

8.1

3,500
1,300

1.4

36 X 1017

18 X 10n

SO X 10n

50 X 10n
1,950 X 10n

"'2,100 X io»

TOTAL, carbon in ("sedimentary" systems) 4,800
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TABLE XII A. EXPERIMENTAL DATAON FALL-OUT OF CERTAIN RADIO-ISOTOPES IN 1957ON THE EARTH'S SURFACE
IN THE LENINGRAD Al\EA207

Cerium-HI

Fall-oulsampli", period

Tolal
bela

aclivity
mc/km' mc/km'

%01
10101

1'ltriuno·91 Slro"'/um.89

mc/km' %

Corium·IH

tIIc/km' %

Average fall-out per month. 1958. . . .. ..... ... SO.s 6.25

1957
I .

11 .....••.••.......................•.••.
Ill " , .
IV .
V .

VI .
VII .

VIII .
IX .
X .

XI .
XII ,

Total for year with extrapolation for missing
months .

21.4
23.7
20.4

118.4
70.0
34.5
19.5
39.3

119.5
92.8
18.9
27.9

2.49

9.73

22.5
9.63
1.86

75.0

11.06

8.2

18.9
10.4

9.9

0.8 3.7 2.4 11.2 7.58
1.6 6.9 1.87 7.9

0.12 5.9 1.1 5.6
1.1 9.5 3.8 3.2 5.91 5.0
1.0 1.43 12.6 18.0 9.40 13.4
1.5 4.3 0.64 1.86 3.03 8.8
3.9 20.2 3.1 15.9
6.0 15.4 3.77 9.6 3.22 8.2

14.4 12.2 27.3 22.8 6.10 5.1
6.6 7.2 4.47 4.8 4.08 5.2
7.4 3.9 1.37 7.3
2.7 9.9 3.96 14.2 4.8 17.2

49.7 70.7 57.7

4.14 5.89 4.81

TABLE XII B. EXPERIMENTAL DATA ON FALL-OUT OF CERTAIN RADIO-ISOIOPES ON THE EARTH'S SURFACE
IN THE LENINGRAD AREA IN 1958207

Cerium-141 Rulh."iu".-IOJ Zirconium Cerju_144 ClUs;um·1J7
ToIal b.la-

Fall-oul samplinl period acli.ity mc/km' % mc/km' % Mc!km' % tIIc/km' % mc/km' %mc/km'

1958
I ....................... 31.0 3.47 11.2 3.43 11.1 3.02 9.7

} 5.0 {II ....................... 25.7 4.04 15.7 3.57 13.9 4.03 15.7 4.94
Ill ....................... 42.3 3.34 7.9 2.14 5.1 3.36 7.9
IV ....................... 56.87 8.14 14.3 3.76 6.6 7.00 12.3 5.21 9.2
V •...................... 134.2 12.50 9.3 7.77 5.8 12.71 9.5 14.90 11.1 1.33 0.99

VI ....................... 194.2 29.60 15.2 13.80 7.1 21.47 11.1 10.58 5.5 2.03 1.05
VII ....................... 93.5 9.86 10.5 5.87 6.3 7.58 8.1 4.82 5.2 1.19 1.30

VIII ....................... 55.5 5.67 10.2 3.71 6.7 4.20 7.6 3.20 5.8 0.90 1.60
IX ....................... 29.64 2.31 7.8 1.45 4.9 2.31 7.8 2.04 6.9 1.53 5.20
X ....................... 216.2 13.30 6.2 6.66 3.1 10.42 4.8 5.21 2.4 0.94 0,40

Xl ....................... 233.3 18.76 8.0 12.85 5.5 16.67 7.2 8.59 3.7 0.46 0.20
XII ....................... 124.0 2.68 2.2 3.42 2.8 5.81 4.7 3.01 2.4

Total for year with extrapola-
tion for missing months ..... 113.7 68.4 98.6 62.5 14.4

Average fall-out per month,
1958...................... 103.00 9.4:7 5.70 8.21 5.21 1.20

TABLE XII C. EXPERIMENTAL DATA ON FALL-OUT OF CERTAIN RADID-IS01'OPES ON THE EARTH'S SURFACE
IN THE LENINGRAD AREA IN 1959201

Tolel
Fell·oul b.'a- C.rium-HI Rulh.nium-103 Zirconlum.9S C.rium-l44 ClUs/um-1J7

samplinc acli.ily ProtDJliD1l
period mc/km' mc/km' % mc/k",' % tile/km' % mc/km' % mc/km' % C.' /S,..

1959
I .............. 155.9 19.20 12.3 22.97 14.7 22.89 14.7 10.95 7.0 1.54 0.99 3.4

11.............. 89.3 6.60 7.4: 6.67 7.5 10.66 11.9 8.31 9.3 1.07 1.20 3.8
Ill .. '" ......... 42.4 1.23 2.9 2.63 6.2 4.36 10.3 4.05 9.6 0.57 1.34 3.8

Total for first
quarter 1959.... 270.03 322.7 379.1 23.31 3.18

Average fall-out
per month in first

/"'OJ 0.77 1.05quarter 1959.... /"'OJ 0.95 0.90 '" 1.07 '" 1.26

269



".. !

TAliLE XIII. MEAN MONTHLY FALL-OUT OFSOME RADIO-ISOTOPl;:S IN TBl!: VICINITY
OFRICHMOND (USA) 898

me/km'

Dat, of sample Sr" Pu'" Co'" Wl8· Sr"/Sr"

1959
I. ............ 14.7 3.8 30

11 •.••.•••..... 17.2 2.3 31
Ill ............. 2.6 0.85 13
IV.... '......... 1.2 0.39 10
V............. 0.37 0.31 6.9

VL ............ 0.029 0.12 6.0
VII ............. 0.058 0.050

VIII ............. 0.009 0.015 2.6
IX ............. 0.024 0.018 1.5
X ............. 0.004 0.014 0.96

Xl ..•.•........ 0.003 0.012 3.0
XII ..•.......... 0.021 0.016 0.74

1960
1. ............ 0.080 0.0029 0.84 0.043 0.90

11 ............. 0.075 0.0015 0.74 0.021 0.81
Ill ............ , 0.56 0.0017 0.83 0.017 0.10
IV..•.......... 0.012 0.0005 0.15 0.005 0.58
V............. 0.005 0.0005 0.12 0.005 0.33

VL ............ 0.001 0.0009 0.029
VII ............. 0.0006 0.038 1.00

VIII. .•.......... 0.0012 0.054
IX............. 0.0002 0.018
X ............. 0.0003 0.098

XL ............ 0.0017 0.13

TABLE XIV. VARIATIONS IN THE MEAN STRONTIUM-90 CONCENTRATION IN THE SOIL ATDIFFERENT LATITUDES

Increose ."f"an/ilyof Quanti/y of Quan/lty of
slrontium·lIO Ouanlilyof slronllum-lIO strontium·lIO Ar"1

during Period slrontium-90 at the allho bt/'0
jr(Jm at tirofirst middle of middle oj ,or/!'s

1l1S610 1958 half of 11158 1l15l1 1960 surfau

No. Latitude M"a c mc/km' Mega c mc/km' Mega c mc/km' A-Iega c mc/km' 10' km'

1 BO°·700N .... , ..... ,. "'" 0.03 2.2 0.03 3.1 11.1
2 70o-60oN .... , . , . , . , ...... 0.08 4.1 0.17 9.5 0.22 11.6 0.25 13.2 . 18,9
3 60° ·500N.. , . , , . , , . , , , , .. , 0.16 6.4 0,26 10,3 0.30 11.8 0.43 16.9 25.4
4 50 0-400N., .... , .. , . , , , , , . 0.23 7.4 0.43 13.6 0.76 24.1 0,76 24.1 31.6
5 40°·300N, , . , . , .. , , , . , . , .. 0.19 5.3 0.36 10.1 0.81 22.3 0.87 24.0 36.3
6 30 0_200N.. , .. , ... , .. , ,. , . 0.24 6.0 0.47 11.6 1.04 25,9 0.93 23.2 40.1
7 20°-lOoN.", , , .. , . , ...... 0.09 2.2 0.17 4,1 0.40 9,4 0.33 7,7 42,7
8 10°·00N............ , .... 0,03 0.8 0.10 2,3 0.22 5.0 0.17 3.8 44,3
9 00-10°5 ................. 0.04 1.0 0.12 2.7 0.27 6.1 0.24 5,4 44,3

10 10 0-20°5 .. , ....... , , . , . , . 0,06 1.3 0,08 1.8 0.12 2.8 0,13 3.0 42,7
11 20 0_3005 .. , ...... , .' ..... 0.06 1.4 0.10 2,4 0.14 3.5 0,17 4,2 40.1
12 30 0-40°5 .. , .. , . , .. , . , .. , . 0,07 1.8 0.11 3.1 0.15 4,1 0.18 5,0 36,3
13 40 0-50°5. , ............... 0.09 2.9 0.12 3.8 0,15 4.7 0.15 4.7 31.6
14 500.60°5, , .. , , . , , , ... , .. , 0.07 2.9 0.09 3.6 25.4

TOTAL Megacuries 1.43 2.60 4.52 4.61
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TADLEXV. CONCENTRATIONS (mc/kms) OF GAMMA-RADIATING FISSION FRAGMENTS IN SOIL SAMPLES
eOU-EeTED IN THE VICINITY OF CHICAGO, USA446

Radio-nuclide Zr" -Nb" CsUT R,,'OI Ru·OI ee'" Cew65-35 days 30 years 1 :Year 40 days 32 days 290 days

1957
V ....................... 69 13.5 67 67 42 92

VII ....................... 75 13.0 69 77 46 100
X ....................... 89 14 69 92 54 106

1958
Ill ....................... 80 17 65 50 23 96
VI ....................... 36 25 58 13 6 83
IX....................... 120 38 81 31 15 104

1959
Ill ....................... 280 49 240 127 223 435
IV....................... 380 52 310 89 156 560
V ....................... 400 54 340 71 103 590

VI ....................... 360 57 450 46 70 655
VII ....................... 290 58 463 35 43 700

VIII ....................... 230 61 340 20 29 655
IX....................... 170 66 385 11 19 680

X ....................... 140 74 370 740
Xl ....................... 100 72 380 710

XII ....................... 77 72 390 660

1960
11....................... 58 76 380 615

Ill ....................... 43 75 365 620
IV, ...................... 35 76 350 635

TABLE XVI. ApPROXIMATE Sr BO ATMOSPHERE INVENTORIES (IN MEGACURIES) lfi2,410

Height No~. 57-Dec. 5~ Jan. 59-Aug. 59 Sepl. 5P-Dec. 59 Je», 60-May 60 Majl 60 No •. 60 May '61

N orthern hemisphere
Above 30 km............. 0.20 ± 0.04 0.20 ± 0.04 0.17 ± 0.04 0.13 ± 0.04 0.14 0.13 0.12
20-30 km................ 0.15 ± 0.05 0.27 ± 0.08 0.30 ± 0.08 0.25 ± 0.10 0.23 0.20 0.14
Tropopause-20 km....... 0.61 ± 0.09 0.38 ± 0.06 0.33 ± 0.05 0.37 ± 0.06 0.25 0.24 0.19

TOTAL 0.96 ± 0.20 0.85 ± 0.16 0.80 ± 0.15 0.75 ± 0.15 0.62 0.57 0.45

Southern hemisphere
Above 30km............. 0.20 ± 0.04 0.19 ± 0.04 0.16 ± 0.04 0.12 ± 0.04 0.14 0.13 0.12
20-30 km................ 0.11 ± 0.03 0.15 ± 0.05 0.17 ± 0.06 0.13 ± 0.05 0.23 0.20 0.14
Tropopause-20 km....... 0.22 ± 0.03 0.13 ± 0.02 0.16 ± 0.08 0.27 ± 0.08 0.19 0.24 0.26

TOTAL 0.53 ± 0.13 0.47 ± 0.10 0.49 ± 0.13 0.52 ± 0.13 0.56 0.57 0.52

Global troposphere
0.03 0.03 0.03 0.03 0.03 0.02 0.03

World total
1.52 ± 0.33 1.35 ± 0.26 1.32 ± 0.28 1.30 ± 0.28 1.21 1.16 1.00

T ABLE XVII. DISTRIDUTION OF CU BETWEEN RESERVOIRS AND TOTAL INVENTOllY
AS OF JULY 1957.1958,1959. AND MAY·JUNE, 1961

CH conte,,1 In "n;ls of IOn atoms'"

ReserfJOlr 1 Juty IP57 1 July 195~ 1 J"I:,I1959 M ay-Jullt 1961**

8.0
13.0
(6.2)

(27)

(10·13)
6.'7

(2.2)
(0.4)

(19-22)

8.4
4.0

(1.2)
(0.2)

13.8

Stratosphere... . . .. . . .. ..... 7.4
Troposphere. . . . . . . . . . . . . . . . 2.5
Ocean. . . . . . . . . . . . . . . . . . . . . (0.5)
Biosphere. . . . . . . . . . . . . . . . . . (0.1)----------------

TOTAL 10.5

• Computed values in brackets, other experimental data.
.. Preliminary data.
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I. Introduction

1. Since the Committee's 1958 report, much informa
tion has been obtained on the levels of radio-nuclides in
nan and in foodstuffs and on the mechanisms by which
:hey are transmitted through food chains. Many coun
:ries publish information on the former regularly, and
ietailed reviews of some aspects of the passage of fission
Jroducts ~rough food chains are available.t"- 119 This
oa.r t of the annex summarizes the present state of know1
~dge in this field, emphasizing those factors which are
:e1evant to the assessment of the exposure of human
)opulations. While the measured levels of radio-nuclides
iescribed in this section apply only to fall-out from
iuclear explosions, it will be appreciated that the general
lescription of food chain behaviour is applicable also
o other releases of the radio-nuclides treated. These
.ele a.ses are described in part IV of the present annex
mcl the behaviour of C14 is discussed in parts I and In.

RAnIO-NUCLIDES OF IMPORTANCE

2. Many radio-nuclides are produced by the explosion
of nuclear weapons (F I, 11-13) and a limited number
of them are important as sources of internal radiation in
the human body. The potential importance of radio
nuc1ides in this respect is determined by:

(a) Their production yield and half-life. Radio
nuc1ides with relatively high yields and moderate to long
half-lives include those of the rare earths, zirconium
niobium, ruthenium-rhodium, iodine, caesium and the
alkaline earths, especially strontium and barium;

(b) The rate at which they enter into food chains
after being deposited on the earth's surface. An radio
nuclides may be ingested by man or by domestic animals
after direct deposition onto the aerial parts of plants
but the isotopes of strontium are more readily absorbed
from soils by plants than are other fission products. This
has been shown by experiments with separated radio-
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isotopes and with debris from nuclear weapons itn•H~.
365-167

(c) T,he extmt,to which. they mt:r i~lto foods of OI~i
m.alorigm. Strontium, caesium and iodine ar~ relatively
readily transferred into milk and caeslllrn, mto llle!1t.
This also has been demonstrated by expenments with
separated isotopes1B2,18T,22o,us,m and with debris fr<?ffi
nuclear weapons.v" The importanc~ of tl~ese radio
nuclides is also emphasized by expcnence, with fall-out
distributed worldwide as Cl result of the testing of nuclear
weapons ;10

(d) The extent to wldcA they are a~sarbc~ frorn the
gastro-intesti1w1 tract of man. S.tr~ntlUm, iodine and
caesium are well absorbed but radio-isotopes of the rare
earths the actinides and noble metals arc absorbed to a
'Very ~mall degree." All radio-nuclides in the diet,
whether or not they are absorbed, will contribute to the
irradiation of the gastro-intestinal tract;

(e) The fraction deposited in the critical rwgall.in
mall and the time for whidl it is retained. Radio
strontium is deposited in bones and some part IS retained
there for a period of years, Srllo is the strontium nuclide
of rnajor biological significance b~cause of its I?ng h~lf
life, but it may be necessary to glve some consideration
to Sr69 in periods when the major part of the fall-out
is of relatively recent origin, Caesium-137 i~ gelter~ll)"
distributed throughout the body and the major portion
is retained with a half-life of some months, Iodine
isotopes are concentrated in the thyroid gland but, owing
to their short half-lives. are of importance only in
periods of fresh fall-out. Major attention is devoted to
Sr~O and CS1 S7 when long-term effects are being COn

sidered.

3. PU2311 is not considered in detail because it is ab
sorbed to a negligible extent from soil by plantsm and
is very poorly absorbed from the gnstro-intestinal tract
of animals and man,2B8 Estimates made in the United
Kingdom in 1959 at the period of highest air contamina
tion suggested that the ingestion of PU'~1l in food was
negligible. while the Pum inhaled amounted to 1O·2/1/ Lc

per day per person.P" Similarly it was calculated that in
the United States over the period 1954·1958, the amount
of PU 2 80 entering the diet was only 1/3,000 of that in
haled.P?

METHODS OF INVESTIGATION

4_ In order to calculate the radiation dose to man, it
is necessary to estimate the content of radio-nuclides in
the body, This can be done directly by the analysis of
post-mortem samples or for g-amma-cl11itting radio
nuclides by whole body counting, or it can be ascertained
indirectly by the analysis of the diet or excreta.

S. Direct measurement can provide more certain in
formation for the calculation 0 f close and the values
obtained for Sroo and CS137 in man in many areas arc
adequate for the necessary dose computation, There are
some practical difficulties in sarnpl ing the population in
a fully representative manner. For SrDO, samples of
human bone must be obtained. In interpreting the re
sults it should be remembered that samples may 110t
have been obtained Irorn the whole area of interest, and
that, while samples obtained as a result of accidental
death may be assumed to he representative of the popu
lation with respect to diet, those from individuals dying'
from other causes may not be f(.'pres('ntative either in
diet or in calcium metabolism. The total content of CS1~T

in the body can he measu red by in vivo countin b
limited number of whole body counters and~ut/
tl~a~ they arc usually mntlobile have hitherto e d <

dlll1t:ult to obtain representative information f mal e
populations : the illhoduction of mobile countor

at
I I · lirni . Th ers IIIrcc uce t 11S',lIIl1t3llfnl. e measurement of Csl37i

mortem samples 111,1)' enable the radiation dos n po
I, id I tis I • e tot IVI( ua Issues to oe more precisely detennined,

6, '1'11(' measurement of the levels in diet provl'd
I ' , ~ 'f 'I cs crooora trve evrnence Cl t le le,'c!s in the body Wh '

relationship between the level of the radio-n~clide~n
diet ami in the 1,j()o(ly has been well established for :f
arcasll}{)(ly.lc\'~'s for other area~ where directmeasu
ments are inadequate ,lIf unavailable can be estirna
fromall:ll).s(~.So~ the ci!ct.,It has recently been sugges
that the r;lOllItu:lIIg ,of urme can serve as an alternal
method tor esumanng' the current intake of Sr90 ,
Csln, but the pa'aetical value of this procedure has'
yet been eSlahilshed.llu , us, 250

7. The sampling of food also offers a method of 1

idly detecting- changes in the levels of intake and
determining the chief contributors of radio-activit1
the diet. The levels of radio-nuclides in fall-out 
foodstuffs C'H1 he correlated and the results relate!
particular local tl~rktJltural and climatic conditions.
relating levels in the body and in diet to the pattern
amount of fall-out some estimate can be made of J

sible [uture levels,

8. In order that these relationships should nol
purely empirical. knowledge is required of the rnar
in which tile' radio-nuclides of interest behave in biol
cal systems and pass through food chains into rnan
the following- sections, therefore, a summary ofthe J::
ent knowledge of these subjects is described before
present and predicted f utu re levels are given.

n. Stronlium-90

Srl"~ 1 N I'OOD CH AINS

R dll/icmsPlil's bi:'lT.LlJ!C1I strontiun: and calcitH1t
9. Sr"'~ (and Sr- D ) behave in the same manner a:

stable strontium normally present in biological sys
and in a manner generally similar to that of calcim
which it is related che 111 icallv, Stable strontium is 1
ent in nature in .... erv srnall and variable amounts reI
to calcium, ami tile -tr;U1S i er of SrDO through food cl
is Iar,::el)' determined by the amount of c,alcium \'I

is present. For this reason the concentration of SI
biological materials is Ir equently rep?rted ~s a ra~

strontium to calcium (expressed as IlUCrOlnlcrocUr!
Sr'l° per gram of calcium), This mode of expreasi
convenient, as the calcium content of bone and th
manv other important tissues are relatively constanl
tissue doses can the re Iore be inferred from the
Furthermore, because the ratio in bone is large!l ~
mined bv the ratio in diet, the content of Sr t!

total diet. (If' ill it, major constituents, is appropr
expressed ill these terms. III other drcumstanses,
ever, the expression nf results in terms of Ul11t w
or volume is to 11(' prc f'cr rcd.

10. Whik the behaviour of Sroo is simil.at' to tl
calcium, it is 1I0t identical with it and this has 1

. . I' clearly d(the nce.l to express quantitative r 10 a ., ti
manner, the relative rates of transfer or utlhza t,

strnrltiull1 and rakiurn in biological systems, In the
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ent report the over-all discrimination is expressed by the
"observed ratio" or OR (sample/precursor) :*

OR = Sr/Ca ratio in sample
Sr/Ca ratio in precursor

The term "discrimination factor" (DF) is used to ex
press the contribution of individual physiological proc
esses to the over-all discrimination.124, 288 The OR may
be a result of any number of discriminatory stages. Thus,

OR = (DF1 ) (DF2 ) (DFa) .•.. (DFn )

The DF values are given appropriate specific names.
When a single stage process is being studied the OR and
DF are, of course, identical, but the OR (milk/diet),
for example, expresses the result of discriminatory proc
esses in gut, udder and kidney.187,m

11. The true OR can be measured only in systems in
steady state or where the strontium and calcium being
introduced cannot be confused with that already present
in the system. It is especially important also to ensure
that the strontium to calcium ratios as measured in the
precursors truly represent the ratios available to the
organism. While the OR obtained in practice may de
pend to some extent on the method used, it appears that
generally comparable results are obtained by the various
possible methods. Three principal methods have been
used ;124

(a) The measurement of the ratio of stable strontium
ro calcium in the precursor and sample. This has found
oarticular application in determining the OR (bone/
iiet) in humans where Sr90has been present in the diet
for only a short period of time, and where tracer experi
nents can only be performed with difficulty. The value
sbtained reflects any changes in the ratio of stable stron
ium to calcium in the precursor or in the OR which
nay have occurred in the life history; it represents a
ifetime integrated value. The difficulty of making pre
Ise measurements of stable strontium in the presence
.f large amounts of calcium and of using this procedure
xperimentally has limited its application;

(b) The measurement of the ratios of radio-strontium
nd stable calcium. If this method is to be used experi
rentally it is necessary to supply the radio-strontium
nd calcium over the entire life history in order to pre
ent interpretation from being complicated by the pres
nee of calcium absorbed before the radio-strontium was
.rpplied. Studies with fall-out 5roo belong in this cate
ory; the difficulties in the derivation of OR (bone/
iet values from measurements of fall-out 51'90 are dis
ussed in a subsequent section (para. 90). This method
as been used successfully for the determination of the
IR (milk/diet) on the assumption that the Sr90 and
alcium in milk come largely from that ingested in the
rev ious few days;

( c) Alternatively, radio-isotopes of both strontium
Id calcium may be used. The radio-isotopes can be dis
nguished from the stable nuc1ides which have previ
raly entered the system being studied. Hence the result
unaffected by the previous nutritional history of the

ibject and the necessary feeding time is short. How
'er, the value represents the behaviour only during the

'" The following nomenclature was adopted in the 1958
Port :01

DF (precursor/sample) = Sr/Ca rat.io .in sample
Sr/Ca ratio In precursor

le over-all discrimination factor was considered to be the
lult of several individual factors corresponding to separate
:ges. However, the alternative nomenclature is widely used
d possesses some advantages.

experimental period. This technique has many advan
tages in case of measurement by radio-chemistry.

12. Some criticism has been made of the use of ob
served ratios on the grounds that they may vary when
experimental conditions are changed.lOS, 194 However,
the practical use of the OR concept is considered justi
fied1T9, 201 since in many processes (for example, absorp
tion by plants, secretion into milk, absorption into the
body and deposition in bone) the OR may be very nearly
constant and predictable. On the other hand, the quanti
ties of Sr90 per unit weight or volume of tissue may be
much more variable. In particular, the OR (bone/diet)
reflects the contamination in local areas of bone which
are active at the time and is comparable at all ages, ex
cept perhaps in the very young. In contrast, the actual
retention of radio-strontium varies markedly with age
and diet and with the degree of attainment of steady
state conditions.

S oils and plants

13. Srll O may enter plants either through their roots
from the soil or by the direct contamination of their
above-ground tissues. It is important to distinguish be
tween these two modes of entry because the amount
absorbed from the soil is determined by the cumulative
total deposition, while the extent of direct contamination
depends on the magnitude of the recent deposit.

Absorption of Sr90 from the soil
14. Field experiments in the United Kingdom and

Sweden indicate that, depending on soil type, the ratio
of strontium to calcium in plants is likely to be in the
range of 1-10 p.f.Lc Sr90/g Ca if 1 me Sr9 D per km2 is
present in the soil,135-137, 204, 28S The quantity entering
crops each year is usually in the range 0.2 to 3 per cent
of that in the soil,19, 135-187,142, 147, 283 depending on the
factors discussed in the following paragraphs.

15. The effect of calcium. The quantity of labile* cal
cium in soil is the most important of the factors deter
mining the extent to which Sroo is absorbed by plants.
Experiments in Sweden/35-13B the United States,189,140.
141,145,151 the United KingdomH 2,H7 and the Union of
Soviet Socialist Republics-v show that the uptake of
Sr90 is greatest in soils of low calcium content. TIle up
take of Sr~o from these soils is reduced by the addition
of lime, but usually not by a factor exceeding 3.10,1.20
When soils contain adequate calcium for the growth of
crops and the cation exchange capacity is largely satu
rated with calcium, the addition of lime has little or no
effect. Although wide differences exist in the ability of
various species to absorb Sr90, it is well established that
this character is correlated with the ability to absorb
calcium.

16. The results of experiments in water culture show
that the OR (plant shoot/solution) is close to 1 (table 1) .
This is also generally true of plants growing in soil
when the strontium is uniformly distributed or when
differences in the rooting depth of plants are taken into
account.12~,12B Some apparent differences between the
ratio of strontium to calcium in different species grow
ing under the same conditions have been reported>" but
these are not accepted as typical.P" Variations in ratios
of strontium to calcium, however, occur between dif
ferent tissues of the plant. Somewhat higher ratios are
usually found in roots and stems than in the leaf tissue
in which the major part of both strontium and calcium

*Labile calcium consists of calcium present in the soil solution
together with readily exchangeable calcium with which the solu
tion can be replenished.
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is normally contained.P": 126 Those for fruits are ~ower;

the ratios of strontium to calcium in wheat gram and
O5 f h t i 1 f ti .136,288edible legumes are about . 0 t a In ea . Issue,

the ratio in wheat flour is about 0.7 of that 111 the whole
grain.2B2

17. Varying values for the OR (plant shoot/soil)
have been reported-": m but it .is navy clear t~lat ~he
variation was mainly due to the difficulties ?f estimating
the relative availability to plants of stro:r;tlUm and cal
cium in the soil. The conventional extraction pr~)Cedures
with ammonium acetate may give inaccurate In.f?rma
tion especially in soils wh~ch contain lar.g~ quantities of
slightly soluble calcium; 111 other conditions, howev.er,
useful comparative data car: be obtained,12~ The ratios
in which the two ions are availablecan be e~tlmated ~o~e

precisely by analysing so!~tion~ with whl.ch 0e s~l1 IS
in equilibrium or by equilibrating the SOlI with dilute
solutions of calcium chloride.": 131, 132,227,288 Under field
conditions, however, the non-uniform distribution of
the two ions in the soil will normally prevent proper
evaluation,

18. The infittence of soil factors other than ~alcium.
The extent to which both strontium and calcium are
absorbed from the soil varies depending on the clay and
humus content the pH the concentration of electrolytes

( d' he moi t t 19 134 141,145other than calcium, an t e moisture con en,' ,
Soil conditions which encourage shallow root develop
ment usually cause the absorption of Sr90to be increased.
The addition of organic matter in large quantities1.44,140
and of fertilizers may have varying and complex ef
fects129, 137, 141, 145, 151, 230 which are, however, usually n~t

large when these materials are applied at normal agn
cultural levels.

19. Movement of Sr 90 in soil. When soil is not dis
turbed the downward penetration of Sr90 is slow, and
even after several years most of it remains in the upper
few centimetres.Pv-" The rate of downward movement
varies with soil type; a low content of ~lay and humus,
a high content of elect:olytes and a rapid I?ovement of
water increase penetration'< lOB The mechanism of move
ment is uncertain but both mass flow in water and self
diffusion may be involved.':" A horizontal movement ~f
Sr90 due to transmission through the roots of plants IS
reported.>" The repeated cultivation of .soils causes t~e

distribution of Sr90 to become progressively more urn
form throughout the plough layer ;148 the depth to which
it is incorporated in this way may have a marked effect
on the ratio of Sr90 to calcium in plants, Ploughing to
the depth of 20 to 30 cm has been found to reduce the
ratio by a factor of up to 3 compared with placement on
the surface, when shallow rooted crops such as rye
grass or kale were grown.H2,117,288 With more de~ply

rooted crops, the effect was smaller. Marked reductions
in uptake by several crops with increased depth of place
ment have also been noted on a podsol'<' and with soy
beans in a loamy soi1.145 In laboratory experiments,
lowland rice, which is normally grown in flooded fields
with a strong development of surface roots, absorbed
more SrDOwhen the activity was placed on the surface
than when it was mixed in the upper soil layer. The
reverse was found with upland rice, which is grown in
conditions similar to those in which wheat is grown.P" 196

20, Changes with time in the availability of Sr20 for
absorption, Considerable attention has been given to the
possibility that with the pa~sage of time Sroo may.be
slowly converted into spanngly soluble. forms w~1lch

cause it to be more slowly absorbed relative to calcium.
Some investigators have found no evidence of this
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effect,151 However, in other soils it has been shown that
a small per cent of Sr90 may cease to be labile durin
three or more years 152, 163 and. it is possible that thi~
effect is considerably greater III certain soils,16! The
present evidence suggests that the fixation of Sr90 is of
little practical significance from the viewpoint of the
contamination of human diet but results over consider_
ably longer periods are necessary for a final evaluation,

Direct contamination of plants
21. Three routes of direct contamination have been

distinguished: Sr90 may be retained on the leaves or on
inflorescences of plants (termed foliar or floral con.
tamination respectively), or i! m~y. be trapped by the
basal parts of plants from which It IS absorbed without
being incorporated in the soi~ (plant .base abs0!1>'
tion) .19,201 These three mechanisms of direct contami
nation lead to contrasting distributions of Sr96indiffer
ent types of edible tissue. Sr90 which enters by plant '
base absorption moves upwards through the stem to all
aerial tissues like material absorbed through the roots,
but little of that which enters leaves or inflorescences ,
is redistributed to other tissues.

22. Foliar contamination. The extent to which 5r90
is retained on vegetation depends on both the extent and
duration of rainfall and the extent and form of the
exposed leaf tissue.121, 122, 123 Experimental studies using
spraying equipment suggest that when Sr~6 ~~scends in
rain about one-quarter of the deposit may initially lodge
on the leaf tissue of permanent pastures which cattle
consume.P" Absorption into the leaves is relatively slow
and the superficial material can readily be lost, especially
in rain.122 In the United Kingdom this may cause only
about one-tenth of the initial deposit to remainafter two
months.?"

23. Floral contamination. Attention was first directed
to this process by the fact that the ratio of S:90 to calcium
in grain and flour usually exceeded that m vegetables
by a considerable factor (tables XI-XYII): C~mpan
sons of the ratio of Sr90 to stable strontium m different
tissues of wheat grain provided evidence on the mecha
nism of entry.8&, 201, 216, 285 Since the soil is the sole source
of stable strontiurn this ratio would be constantthrough
out tissues formed at the same time if SrDOentered only
from the soil. It was found, however, that this ratio was
considerably greater in bran than in flour, and this was
ascribed to direct contamination of the outer layer~ of
the wheat grain. It was calculated that in the Umted
Kingdom in 1957, an average of 66 per cent hadentered
by direct absorption 81,201 while in the Umted States

, b ' d i 1959 21D,mvalues of 20 and 90 per cent were 0 tame 111 "
An investigation in Japan, where the le~els of Sr90 m
wheat flour in two years were compared ';'Ith the fal1-OU~
rate and deposit, suggested that, while m 1959,50 bJe
cent or more of the Sr90 in wheat flour was attnbuta
to the recent deposit, the corresponding figure for 19ft0
may have been less than 15 per cent.m These,reshs
are consistent with those of experimental stud~es t at
show that higher concentrations of radio-strontIUm, are
found in the grain of wheat plants sprayed with solutlOnds 11

. h prayeof Sr90after the ears have emerged than m t oses d
earlier : this could be prevented if the ears were protec1te 27. The chie:
f~om the spray by small caps.l'" The much highervaoues Sf rOD in animals

. f 51'9 to erred' t '1'which were recorded up to 1960 for the ratio 0 ite) in 0 nu
calcium in husked (brown) rice than in milled (Wh,lte may befound in
rice have also been attributed to direct uptake, S1l1ce I can, however, I

. t f table stron- metabolism'tracer expenments and the measuremen 0 s " . 111 11

tium indicate that such a difference could not occur It ~8, Qual1tity
only soil uptake were involved.127,19B ofll1gestedSr9o
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24. Plant-base absorption. Some of the material not

directly retained on leaves, or leached downwards from
them, may be washed into the axils of leaves or into
the crown of plants, or the root mat. It may also be
trapped on decaying vegetation where it is available for
absorption by: the surface ro?ts. Retention in this way is
particularly hke~y to o~cur III p~rmanen~ pastures. The
Sr9D so trapped 1S relatively undiluted with the calcium
in the soil and in a particularly favourable position for
absorption.": 201

Relative importance of different routes of contam'ination
25. The rapidity with which SrGD is transferred from

rain into food chains provides evidence on the magnitude
of direct contamination, because entry by these routes is
dependent on the recent deposit, while absorption from
soil is determined by the cumulative total deposit, though
not necessarily in a simple manner. The extent to which
short-lived nuclides (Im, Sr BD

, Ba14 D
) were transferred

to milk when relatively fresh fission products were pres
ent in fall-out underlined the importance of direct con
tamination.v-?" However, quantitative assessment of
the relative importance of the recent deposit and of the
cumulative total deposit is rendered difficult by fluctua
tions in the rate of deposition of SrDO

, differing soil
characteristics, the changing availability of Sr~o as it
penetrates the soil, seasonal and annual variations in
agricultural practices, delays between the production and
consumption of food, climatic differences among various
areas, andvariable weather at individual locations. These
problems have been discussed elsewhere." The calcula
tions and the validity of quantitative estimates derived
from available survey data are discussed in subsequent
sections (paras. 103-119).

Aquatic food chains

26. Aquatic food chains have attracted comparatively
little study in relation to worldwide fall-out since aquatic
products provide 'little SrDO to most diets, even when the
calcium intake from fish is appreciable (see tables V
and XIX).lD,ss,2oT-269 However, information is available
from Japan 8S, 208, 266 and extensive studies have been car
ried out in relation to discharges from nuclear facilities-'"
and to the sites of nuclear weapons tests.?" These have
shown that Sr DD is accumulated by the calcareous parts
of marine organisms-bones, scales, shells-up to a con
centration many times that of the environment, but no
concentration of Srll O occurs in the flesh of marine or
ganisms evenunder conditions of chronic exposure.f": 2G9

The equilibrium concentration in flesh is usually less than
one-tenth of that in the surrounding water.v- 267 A value
for the OR (flesh or bone/water) of 0.4 was observed
experimentally in fresh water fish and an OR (whole
body/water) of 0.2-0.3 for marine fish can be estimated
by comparing the ratio of stable strontium to calcium in
fish bone and water.P? The level of Sr DD in fresh water
organisms is generally higher than that in marine or
ganisms from corresponding areas (table XIX). A de
tailed bibliography on this subject is available.>"

Milk and animal prodttcts

27. The chief practical interest in the metabolism of
Sr9 0 in animals is in the extent to which it may be trans
ferred into milk and the possible concentrations that
may be found in dleat. Experimental studies wi.thanim~ls
can, however, contribute to the understanding of its
metabolism in man.

28. Quantity irans[erred into milk. The total qu~ntity
)f ingested SrDD secreted into the milk of cows is variable ;
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like the quantity of calcium it is related to the milk
yield.22D, 224, aso Values ranging from 0.5 to 2 per cent of
a single administration are found.187, 220, aas, 224 In com
parison with continuous ingestion under normal condi
tions of feeding, several independent investigations have
shown that about 0.08 per cent of the amount given daily
is secreted per litre of milk. 188, 224,226 The amount of in
gested calcium and strontium appearing in the milk is
inversely related to the dietary calcium level224 since the
concentration of calcium in milk varies little, regardless
of the dietary intake. It may be noted that the percentage
of ingested radio-strontium secreted per litre of goat's
milk is more than ten times the amount in cow's milk
owing to the greater proportion of the dietary calcium
secreted into the former.v" In man, it was shown in one
investigation with five women that an average of 0.27
per cent of the dietary Sr9& was secreted per kilogram
of milk.168

29. Observed ratio (milk/diet) , Knowledge of the OR
(milk/diet) is more useful for many purposes than that
of absolute quantities. The available data for this ratio
are summarized in table n. Values range from 0.08 to
0.16 but the majority of more recent experimental meas
urements fall close to 0.1 and this value may be adopted
for practical purposes. The values are similar in cows
and goats and also in man. The OR. (milk/diet) in cows
and goats does not vary significantly with calcium levels
in the diet from one-half to three times the normal level,
nor with increased levels of stable strontium.w' The
ratio in milk appears to be about half that in plasma.v":
17B,186,1.87,224 Hence, it may be assumed for practical pur
poses that the ratio of SrDO to calcium in meat is twice
that of milk, if dairy and beef animals have feed with a
similar ratio of Sr9 0 to calcium.

30. Observed ratios in poultry. OR (sample/diet)
values of 0.5-0.6 were found for bone, egg shell and egg
yolk of laying hens; plasma and egg white, however, had
OR values of about 1.5.298

M eiabolic behaviour i1~ man

31. Absorption and retention of SrDO
• Ingested radio

strontium is absorbed from the gastro-intestinal tract
into the bloodstream, where some of it forms a loose
complex with proteins. It enters bone by exchange and
accretion; some is excreted in urine and some is excreted
in faeces after secretion from the bloodstream into the
gastro-intestinal tract. For practical purposes it is im
portant to distinguish between the assimilation of Sr9D

ov-er short periods of time, when retention in the body
will be governed to some extent by exchange reactions in
the skeleton, and over longer periods in which the bones
will approach a state of complete labelling and exchange
reactions will cause no net retention. In an adult exposed
to dietary SrBO

, about 20 per cent of ingested radio
strontium may be retained initially but the net retention
decreases to zero as the skeleton becomes labelled under
constant intake. The amount retained therefore depends
on the previous history of the subject in relation to
dietary intake of radio-strontium.

32. Experimental studies with Sr88 in man have
shown that a mean of 20 per cent of orally administered
strontium is absorbed from the gastro-intestinal tract;
this compares with 40-50 per cent of Ca'". However,
much variation occurred between individuals.w' The
kinetics of removal of injected radio-strontium in normal
man has been studied by means of a whole body counter;
the excretion was characterized at least by three different
rate processes :21.4



ciated with considerable reformation of bone, is of short
duration. Thus, over a period of several years it is
probable that at; OR (b~ne!?iet) of about 0.25 would
be obtained. This conclusion IS supported by the results
of surveys of 5r90 in diet and bone reviewed later in
this annex (table XXIy and para. 100); the average
ratio of Sr90 to calcium III the bone of children has been
close to and often slightly less than, one-quarter of that
in their'diet. Accordingl:>: a ,value of the <?R (bone/diet)
of 0.25 is used for prediction of levels m bone.

35. Processes of discrim;,mtion from diet to body.
It is of interest to estimate the magnitude of the principal
processes of discrimination which .bri~g about the OR
(body/diet). The measured excretion III faeces of Srs~

and Ca4~ orally administered.v" or studies of stable
strontium and calcium balances'"! suggest an approxi.
mately two~old discrimination in. absorption by the
gastro-intestinal tract. There IS evidence however that
this may not occur in infants.r'" From measurements
following intravenous injection, the DF u:inary can be
estimated as 0.70. Thus the OR (body/diet) of about
0.25 is mainly brought about by a twofold discrimination
in the gastro-intestinal tract and one of somewhat less
than twofold in the kidney. The OR (bone/plasma) is
close to unity.124,189

36. Observed ratio (foetus/mother). A further im
portant discriminatory process is in placental transport
from mother to foetus. Direct experimental evidenceof
discrimination across the placenta is not available for
man but values of OR (foetus/mother) for rats and
rabbits of about 0.5 are reported.v" Calculation from
extensive measurements of stable strontium in the bones
of newborn in the United Kingdom gave a value of
about 0.6.250

MEASURED LEVELS OF Sr90 IN DIET

General considerations

37. Two considerations are of primary importance.
First, while the experience of the past years has shown
that the concentration of 5r90 in foodstuffs may fluctuate
over short periods of time owing to the varying rates
of fall-out, it is more important to consider mean levels
of intake over extended periods. For this reason ~ala

in the following tables are summarized where possible
over calendar years. Second, in order to estimate the
ratio of Sr'" to calcium in new bone, the total intakeof
5r90 and calcium in the complete diet or at least in the
most important components must be known. It is there
fore necessary to examine the composition of diet and,
for comparing the intake of Sr90 in different parts of
the world, it is convenient to identify broad dietary
classes.

38. Diets might be classified in any of the following
manners:

(a) On the basis of the most important contributots
of Sr9 0

• However, the relative contribution of different
foods is dependent on the relative quantities of current I

and accumulated fall-out and consequently may vary
considerably;

(b) On the basis of quantities consumed by weig!ll.
Frequently, however, certain foods consumed in quite
large quantities may contribute little 5r90 or calcium to
the diet;

(c) On the basis of the amount of colciw»: cOHtribHt~d ~
by different foods to the diet. The quantity of Sr" 111

different articles of diet cannot be inferred directly from
their content of calcium both because of the variable
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(a) A rapid excretion within twenty to thirty days
accounting for some 70per cent of the dose;

(b) One of intermediate rate, with a half period of
about fifty days accounting for 15 per cent;

(c) A stage of chronic retention in ',:,hich excretion
was low. The findings are consistent With the gen7ral
concepts of the manner in which calcium and strontium
are deposited in or removed from the skeleton. ~he
over-all data could also be fitted by a power function
and are very similar to those .pre.viously. des~ribed for
sheep.22sThis type of in~orm~tlOn1~ especl<;llyImportant
in understanding situations involving accidental short
term exposures. It also ~orms a basis for interpreting
relationships between the intake of Sr90 and the resultant
irradiation of body tissues.

33. Obserued rotio (body/diet).· Whet; it is necessary
to consider chronic ingestion the evaluation of ~he <?R
(body/diet) appears to be more useful tha.,n estimating
actual retention. This ratio has been studied for man
with a variety of techniques based on different as
sumptions:

-(a) Direct experimental observations on the retenti.on
of Sr8~ and Ca4~ have been made. Recent results WIth
sixteen patients suggest an OR (body/diet) of 0.29 ;218
earlier measurements based on measurements of blood
plasma gave values of 0.44 and 0.54 for groups of
patients on two different types of diet ;189

(b) The measurement of stable strontium to ca~ciu~

ratios in representative samples of bone and dIe~ m
several countries gave values for the OR (bone/diet)
ranging from 0.16 to 0.25 (table In) ;

(c) The ratios of $r90 from fall-out to stable calcium
in body tissues or fluids and in diet have .also be~n

examined. The use of the measured values m bone IS
discussed in a later section when a detailed presentation
of the bone and diet data has been made. An indirect
estimate can be made from the OR (milk/diet) of 0.11
measured in women.>" If the OR (milk/plasma) has a
value of about 0.5 in man as in animals (para. 29), an
OR (body/diet) of about 0.25 is suggested. The meas
urement of the Sr90 to calcium ratio in large samples of
human plasma, though subject to considerable uncer
tainty, gave a result consistent with an OR (body/diet)
of 0.25.102

34. While the OR (body/diet) is reasonably constant
with ordinary diets it may change with unusual dietary
modifications or age. 19,178 In rats, the presence of large
quantities of milk, lactose or lysine or nutritionally ab
normal ratios of calcium to phosphorus have been shown
to alter the OR.19,178, 288, 291, 202 However, double tracer
experiments in man do not suggest that the OR is af
fected by the presence or absence of milk, 189, 218 Con
sistent differences in OR, as measured by stable stron
tium and calcium, between countries with very different
diets cannot be established on the limited data available
(table Ill). In very young rats124 and calves 223 a higher
OR is observed than in later life. The observed ratios of
strontium to calcium in the bones of very young children
suggests that the OR may be higher in infants than in
adults.m However, their juvenile state, which is asso-

*The term OR (body/diet) is more appropriate when the
amount of strontium and calcium retained in the body are esti
mated from measurements of strontium and calcium in diet and
in excretions, the term OR (bone/diet) being reserved for those
estimates based on direct measurement of the concentrations in
bone. Since by far the greater part of the strontium and calcium
in the body are in bone, the values of the OR (banc/diet) and
of the OR (body/diet) will be closely similar under steady
state conditions.

ii



extent to which plants may be subject to direct con
tamination (para. 25) and because of discrimination
between strontium and calcium in their passage to animal
products. Nevertheless, the classification of diets in
tenns of the principal Sources of calcium has been found
the most convenient way of examining the effects of
dietary composition on the intake of Sr9 0 and of pre
dicting future concentrations in diet and hence in bone
(paras. 103-121). Hence this method of classification
is adopted in the present report.

39. Information on the calcium content of diets is
a vailable.": 175 For the present purpose, it is more im
portant to consider the relative quantities of calcium
provided by different foods than the absolute amount
ingested per day. Wide variations exist between different
countries, but three broad dietary classes can be iden
tified, namely:

Class I diets. Dairy produce is the predominant source
of calcium; this applies to the greater part of North
America, Europe and Oceania. Calcium intakes in these
areas are generally from 800 to more than 1,000 mg per
day. In Southern Europe and Latin America, calcium
intakes may be only of the order of 600-700 mg;

Class Il diets. Milk provides less than half total dietary
calcium and vegetables approach it in importance, for
example, India, Turkey and Egypt. The total calcium
intake may be only 300-450 mg per day;

Class III diets. Dairy produce is a minor source of
calcium, for example, in Japan and other countries of
the Far East. The calcium is derived mainly from vege
tables, with cereals and fish making significant contribu
tions. The calcium intake may vary from 200-400 mg
per day.
Approximate model diets for these three classes have
been calculated from the food survey data from the
principal countries where they are consumed (table
XXIII) and are used for subsequent calculations. With
only a few exceptions the composition of the diet of other
countries lies between the limits set by these three classes.

40. The data from which these groupings were de
rived are in most cases derived from gross figures for
production and consumption of individual foods, com
bined with average values for the calcium content of
these foods. However, in some cases, the actual calcium
content of the diet may greatly exceed that expected on
this basis.10. H z This may be caused by the use of unusual
sources of calcium, for example, the use of crude sea
salt containing calcium for cooking in Ceylon and South
India or the enrichment of bread with mineral calcium
(United Kingdom), with groundnut meal and fish flour
(Union of South Africa), and with non-fat milk solids
(United States}." Calcium propionate may also be
added to bread as a mould inhibitor.v" Corn (maize)
grain is very low in calcium but when used for tortilla
rrraking in Central America, is boiled with lime water in
the initial stages of preparation. This process greatly
enriches the diet in calcium: in some areas 75 per cent
o £ the total calcium in the diet may be obtained in this
""ay.10 The chewing of betel leaves may also contribute
substantial amounts of calcium to the diet. When cereals
such as ragi or quinoa, which are rich in calcium, are
used, the contribution of calcium to the diet is much
greater than with other cereals.

Estimates of the ratio of Sr9 0 to calcium in the total diet
41. Since the previous report, many values for the

Srtl O and calcium content in diet have been published.
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The period of time and geographical area covered, the
frequency of sampling, the number of foods sampled
and the method used have varied very considerably and
thus the precision also varies. In tabulating the results
a primary distinction has been drawn between those
analyses based on continuing sampling and those based
on a single limited sampling over a short period of time.

42. To provide further information on the nature of
the samples and to assist in the evaluation of the results,
the methods used have been distinguished as follows,171
and also indicated in table IV:

'Ca) The use of values, often countrywide averages,
obtained from separate surveys of the Sr9 0 content of
the most important dietary constituents, together with
estimates of the quantities of these foods consumed, to
calculate the Sr90 content of the complete diet;

(b) The calculation of the content in the total diet
on the basis of data obtained from the analysis of foods
purchased locally in stores. This method may often be
used in relatively small areas and therefore some caution
must be exercised in applying the results to larger areas;

(c) The analysis of composite samples of complete
diet often based on local purchases. The composition of
the diet may be based on dietary surveys or local esti
mates of "typical" consumption j'"

(d) The analysis of samples of the complete diet
actually consumed by certain individuals or groups
military forces, hospital patients, or volunteers in meta
bolic studies. These diets mayor may not resemble the
average diet of the community.

43. In the first two methods the major sources of
error, when accurate knowledge of the average quantities
consumed is available, may be inadequacies in the repre
sentativeness of the sampling of the foodstuff for 5r90 •

In the last two methods an additional bias may be intro
duced when estimates of "typical' diets or duplicate
samples of the actual diets of individuals or groups are
used, its magnitude depending on the extent to which
the composition of the diet analysed is representative of
that of the population as a whole. However, the values
from the United States suggest that comparable results
may be obtained by the various methods.74, 17l

44. North America and Europe. Amongst countries
in which milk is the major calcium source in the diet,
the most complete series of estimates of the 5r9 0 to
calcium ratio in the diet is available from the United
Kingdom and the United States. Variation by a factor
of three in the values from different areas of the United
States in 1959 was observed, particularly low values
being observed on the West Coast. The values from
Europe in 1959 and 1960 fell within the same limits.
In the United Kingdom and the United States a rise was
shown from 1957 to 1959 followed by a marked drop
in 1960 and early 1961. This fall was also shown in
Denmark. Values for 1959 and 1960 in Canada were
comparable with the higher values from the United
States.

45. Asia and the Far East. An extended series of esti
mates is available for Japan. Although the diet of Japan
is not typical of that of the Far East, the results for
that country are of particular interest because it is the
only area in which regular surveys have been carried
out where the diet is not of class I. The mean value for
the ratio of Sr oo to calcium in diet rose from 1957 to
1960. No decrease occurred in 1960, probably owing to



the storage time of the large cereal component. The
values for Japan were lower than those in Europe and
North America in 1957 but in 1960 were rather greater,
Samples of composite diets, collected over a short period
of time were taken in Viet-Nam in 1959, and Thailand
and Taiwan in 1960. Though wide variation was ob
served the mean values are comparable with or lower
than those in Europe in the same period and lower than
those in Japan, In 1961 the average SrOD to calcium ratios
of vegetarian meals in India was comparable with the
average value for total diet in the United States.

46, Africa. In Africa a series of samples, consisting
principally of cereals, legumes and milk, was taken in
1958 in a number of cities. From these the ratio of Sr90

to calcium in the total diet has been estimated, including
and excluding milk." It is suggested that the latter wil1
approximate the diet of those groups of the African
population who consume little milk.P" The limited area
and time covered by the survey indicate the need for
caution in using the values. They appear, however, to
be lower than those in Europe and in the United States.
A limited sampling of the diet of the African population
of Southern Rhodesia was made in 1959-1960. The
values were comparable to those found in North America
and Europe in the same period. The mean value for the
composite diets in the Delta region of the United Arab
Republic in late 1961 was comparable with that found
in the United States earlier in the year.

47. Central America. A series of estimates was
also made for Central America in 1958. The values
found were very low, of the order < 1-2 P./.J.c Sroo per g
Ca. The calculations for the total diet were based onlv
on the analyses of corn, beans and milk. No analyses o"f
leafy vegetables or f rui t were made, so that the diet
cannot be regarded as completely examined, but the
values indicate the general level of Sroo in the area. The
values of the ratio of Sr~o to calcium calculated for the
total diet for Guatemala and Honduras were particu
larly low owing to the practice already mentioned of
preparing maize for tortilla-making by boiling in lime
water.1D,~0,r.5.50 This is particularly common in rural
communities. In urban communities the values are likely
to be higher since more wheat ancl rice, or maize boiled
with wood ash, may be used, and therefore the extra
calcium contribution is not obtained.

48. South America. Results from surveys of brief
duration in several countries of South America in 1957
and 1958 are available, as well as analvses of composite
military rations, based 011 local foods," in two countries
in 1959. Composite diet samples were obtained from
local communities in Colombia and Chile in 1960. The
wide variation in the Sroo to calcium ratios of different
samples is attributed to differences in climate.?" This is
particularly well shown in Chile where the average for
the dry northern districts (2.4) is only one quarter of
that from the wetter southern districts (9.6).310 In
general values for the SrLlIl to calcium ratio of total diet
in South America are lower than ill Europe and North
America.

49. Ocecuia. The SI,BO to calcium ratio in the total diet
in Australia h;1S been estimated from analyses of milk,
cabbages and wheat. 320 Little change occurred in the
level between 1957 and 1960, Values were always below
the average for North America and Europe which are
regions of similar diet. No marked rise in the level in
1959 comparable with that which occurred in the North
ern Hemisphere was detected.
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--
Contributions of Sr"'ll by illdiZ'idllul components

to tkc total inlake

SO. The relative contributions from different COm
ponents of the diet in 1939 and 1960 in the few COUn,
tries fr.om whid} a detailed hre'lk~hm·!l is available is
shown 1I1 table V, I n all the countnes listed, except for
Japan, the diet is of class I and about three quarters of
the cal~itll11 (excluding ~11il1(~rill calcium) is supplied
from milk. In contrast, milk usually supplied only from
a quarter to a half of the Sr lt

" . owinR to the discrimina_
tion against SrltO in passage into milk (para. 29). The
value was higher in Canada, Cereals, which are particu
larly subject to. direct n:l\ta~nin;l.tion by f~ll.ou~ (para,
23), also supplied a major ITaction, especially IU Den
mark and Austria. In these class I diets, leaf and root
vegetables together coutributed from 6 to about 30per
cent of the Srlt U, and meat, fish, egg.~ and drinking water
very small proportions. 1n Japan, where the diet is of
class Ill, milk supplies only a small proportion of the
calcium in the diet, and even It'SS of the Srgo. In 1960
cereals supplied one quarter of till' Sr~D in the Japanese
diet and some 65 per cent was attributed to vegetables '
and fruit.

Factors cUlIsiug intake 10 ",'ar}' [rom lilt? QZ'erage

51. The foregoing estimates are for the average in
take of the population as a whole. However, there is
interest in the intake of special groups or of individuals,
depending on their dietary habits. Un fortunately, very
little information is available on the variation of dietary
habits among special groups on which estimates might
be baserl.P

52. Age. The diet of very young children is of par
ticular interest and in slime countries analyses of pre
pared baby foods have been made. The results are shown
in table VI. The values an' comparahle with those of
normal samples of similar fnods. The intake in the diet
of infants has been calculated in (;t.'nll:uw.~~ the United
Killgdom,8~.~H and the United St:ltl,s,~i.l11~ and com
posite diets have hcen analvscd in the United States."
The results indicate that th~ Srt*(I to calcium ratio in tlte
diet of young children, when they arc fed on prepared
baby foods or cow's \11;\1" d:ff,:rs relatively little from
that ill the diet of adults (, tnhle 1\'). The same applies
also to older children.24.~1~The Sr9" tn calcium ratio in
the diet of breast-fed infants will however be consider"
ably lower than that of other groups," since this ratio
in human milk is approximately one-tenth of that in the
mother's diet,1OB TIH.'re ma v also be metabolic differences
between breast-fed illi:lIits and those fed on cow's
milk."!'

53. Quantity of food consumed, Differences in the
intake of Sroo of adults mav arise through normal varia
tions in the amount of ditTt'~'ent fuorls cnnsurnerl. Dietary
estima.tes in the United States suggest that high con
sumption of the mn ior components of the diet may be
taken as approximately tw ice the a \'cragc amounts.

m

When the ratio of Sruo to calcium in an individual food
differs little from that in the total did. alteration in the
amount consumed has little efft'ct cm the ratio in the
total diet. This is generalh' the case with milk in coun
tries where substantial quantities nf milk arc consumed.

54. The efft'ct of increasing the quantity consumed of
components in which the SrU;l to calcium ratio exceeds
that i~l th.e total .di~t is rou~hly in propo!'t~on to the Sr"
contribution : this IS small in diets cuntainmg l'easonab~e
quantities of milk In the United Kingdom it was esn-



mated that doubling the intake of root or leaf vegetables
or fruit would have increased the Sr90 to calcium ratio
of the total diet in 1959 by only a few per cent. 85 Inspec
tion of the detailed analyses of diet in the United
States!" shows that the highest contribution of Sroo
from any of these three items is only 15 per cent;
doubling the quantity of the food consumed would there
fore increase the ratio of Sroo to calcium in the diet by
only a small amount. Where milk consumption is nor
mally small, increasing the quantity of milk consumed
may reduce the average ratio of Sroo to calcium in the
diet since the ratio in the milk is generally less than that
in other components.

55. Special dietary habits. Certain groups may have
special dietary habits which affect Sroo intake. One such
is the consumption of unmilled cereals. Attention has
been paid to this particular habit since the ratio of Sr90

to calcium is often much higher in unmilled than in
milled grain (see tables XI-XIV) .

56. Because the ratio of Sroo to calcium is higher in
wholemeal bread or flour than in white bread or flour78 ,

85,227 the replacement of white bread by wholemeal bread
in the diet causes the dietary intake of Sr90 to be in
creased. The effect, however, appears to be relatively
smalP08,l71 except in countries, such as the United King
dom, where mineral calcium is added to all white flour,54,
85,227 but not necessarily to wholemeal flour. It may be
noted that cereals supply a relatively high proportion of
the dietary Sroo in Denmark and Austria, where the
proportion of wholemeal flour consumed is greater than
in the United Kingdom or the United States (table V).

57. The milling of rice also has a considerable effect
on the Sr9 0 to calcium ratio of the diet in those countries
where rice is an important food. A total diet sample in
Viet-Nam containing "unpolished" (presumably un
milled) rice was three times as high in Sr90 per g of
calcium as was a diet sample containing milled rice.P?

58. Geographical location. Differences in the total
dietary content of Sr90 , owing to variation in the degree
of contamination of foodstuffs produced in different
areas are difficult to assess since it is unlikely than any
individual would receive all his intake from the most
highly contaminated sources. In many countries the vari
ation is likely to be largely controlled by the levels in
milk, since it contributes a large proportion of the Sro o•
Further, variations due to geographical position will be
more readily reflected in milk which is consumed rela
tively locally, especially in rural areas, while other food
stuffs, such as cereals, are often distributed over very
large areas.

59. Inspection of the range of values for milk within
countries (table VII) suggests that a variation between
sites by a factor of 4 is common in moderate-sized areas,
with narrower ranges in smaller areas. In larger coun
tries, such as the USSR or the United States, variation
by a factor of up to 10 may occur. The ratio in the total
diet may be expected to show a less extreme range
because of more uniform contributions from other
sources. A study of twenty-five cities in the United
States in 1959 showed that the Sr90 to calcium ratio in
the diet ranged from 4.9 to 16.7 with a mean of 11.8.17

Calculation in the United Kingdom in 1959 and 1960
based on the most pessimistic assumption that all items
in an individual's diet were obtained from the areas
where highest contamination was found suggested that
the average level would not be exceeded by a factor as
nuch as 10.95, 2 27

295

60. The source of drinking water. The concentration
of S1'oo in. drinking water may vary according to its
source. The radio-nuclide concentration in rain is re
duced by contact with absorptive surfaces and purifica
tion in rivers and lakes occurs by sedimentation or
percolation. Conventional processes of water purification
do not remove radio-nuclides to any great extent.l 74 A
survey in the United Kingdom showed that well water
(0.02 f.LJ.lc/l) was very low in Sr9 0 compared with surface
waters (0.3-0.9 fJop.cJ1) .169,170, MB Concentrations similar
to the latter were measured in surface water in the
United StatesGo, 73, 173 and Japan. 804 Higher concentra
tions were shown in 1959 following heavy fall-out than
at other times 178, 308, 804 but the intake of Sr9 0 in drinking
water is unlikely to have exceeded 1 fl-f.LC per day for
most of the period and variations in this quantity due to
the nature of the water supply are unlikely to have
caused large differences in the total dietary intake.

61. People drinking water which has not had contact
with the ground surface may have higher intakes of Sr90 •

Mean values for SrDO in cistern water for periods of
some months ranging from 2-6 p,p.c/lhave been reported
from the Federal Republic of Germany (1959-1960),
Japan (1954-1957) and the United States (1958-1959).
22, 8B, 78, 178 If it is assumed that no decontamination of
the rainwater occurs in the collecting system, the con
centrations reported for rainwater (F I, table IX) can
also be considered. Comparison of these data with an
estimated daily intake of Sroo in 1959-1960 of the order
of 10 p.p.c (tables IV and XXIV) suggests that the
drinking of rainwater would have appreciably increased
the daily intake of Sroo for short periods in 1959 when
the rate of fall-out was high. However, expressed as an
annual average, the increase would have been smaller
in 1959, and in 1960 smaller still.

SroOinindividualfoods

62. The limited number of areas from which esti
mates of the SrOO content in total diet are available makes
it necessary to find some basis for extrapolation if levels
in other areas are to be inferred. Measurements of indi
vidual foods, when considered in relation to the diet type
and general distribution of fall-out provide the best
opportunity.

Milk
63. Since milk is a major calcium source in many

areas of the world and is easy to sample, it has received
more attention than any other component of the diet.
In some areas regular surveys are in progress or wide
spread surveys have been made. Results of these are
given in table VII and descriptions of the surveys in
table VIII. From many other areas only isolated samples
are available, sufficient to give some indication of the
relative levels. These data are summarized in table IX.
Values are available from areas accounting for more
than 90 per cent of the world production.

64. Data from some regular surveys are plotted in
figure 1. In the Northern Hemisphere, a more or less
steady rise from 1954 to 1957 was followed by sharper
rises in 1958 and especially in 1959. It is interesting to
note that the increment was roughly similar in most of
the countries although the 1958 level differed by a factor
as much as 5. Subsequently in 1960 the levels fell off.
often by an amount comparable to the rise in 1959. In
1961, levels continued to fall by a variable amount.
These observations show the partial dependence of the
Sr90 in milk on the rate of fall-out and are consistent
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Figure 1. Yearly mean concentrations of Sr90 fer g of calcium in milk from

9 countries (from table VII). For details 0 the surveys see table VIII

with the heavy deposition in the Northern Hemisphere
in late 1958 and early 1959. In contrast with these
changes, the levels in Australia and Argentina changed
only slightly. The Southern Hemisphere was not sub
jected to the heavy increase in the rate of fall-out in
1958-1959.

65. Detailed comparisons of the data in table VII may
be misleading because, even within regular programmes,
the data from year to year are rarely strictly comparable,
since the areas covered and techniques of sampling have
changed as the programmes developed. The values of
spot samples may be greatly affected by the season at
which they are taken and all values will be affected by
local agricultural and climatic factors. Consequently, in
order to summarize the data so as to show the broad
trends, mean values for large geographical areas have
been calculated for the years up to 1960 (table X). Means
for each country have been weighted for production in
calculating the area-wide average in order to represent
more closely the true average in the milk over the wider
area. Sufficient data are not yet available for 1961 to
calculate comparable mean values.

66. Tables VII, IX and X show that a correlation
exists between geographical latitude and the level of
Srao in milk. Between 1955 and 1960 the mean values
for the ratio of 51'00 to calcium in milk in each year were
of very much the same order in most of North America
and Europe, including the USSR. The scattered values
from the Mediterranean area, and data from India and
Japan were lower than those of North America and
Europe. Very low values were recorded in Central
America, especially in its southernmost region, Unfor
tunately, no data from comparable latitudes are avail-
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able from Africa or Asia. Low average values were
found in South America, but in the Republic of South
Africa, Australia anti New Zealand, the levels were
somewhat higher. On the average, therefore, the highest
values were recorded i rorn the mid-northern latitudes,
and the lowest in the equatorial region, with intermediate
values further south. This gl'n(~ral correlation with lati
tude is consistent with the known va riation with latitude
of the intensity of deposition of 51'1'0.

Cereals

67. The comparison of cereal data is cnrnplicatedby
the number of species, differing in structure, growl~g

season and dietary importance. The range of values IS

generally very wide. General points that may be noted
are that milled cereals normally contain less Sr90 per
unit weight or per g of calcium "than unmilled, an~ that
the Sroo to calcium ratio of both is considerably higher
than that of milk from the same area.

68. Wheat. The major wheat-producing areas of the
world are North America, Europe, the USSR an? the
Far East.20 Sufficient data are available to provide da
reasonable estimate of the levels of Sr90 in wheat an
wheat products f ram all these regions except the Far
East (table XI). 111 the latter the only detailed dataar

l1from Japan which is responsible For only a very s~a

proportion of the total production. The 1110st WIde
spread sampling was carried out in 1959. Values were
comparable in the USSR and in Western Europe ~ut
were higher hv a factor of 2 or more in North AmerIca
and in Japan. "In the Southern Hemisphere, values were
half or less than those in Europe. Trends frol11 year JO
year are difficult to interpret; ill the USSR and Cana a



values changed only slightly from 1956-1959, but in the
United Kingdom they were markedly higher in 1958
than in 1957 or 1959. The reverse was true in Japan, but
a lower value in 1959 than 1958 was recorded also in
the United States and Australia. These inconsistencies
are probably related to the high degree of dependence
of the levelof contamination on current fall-out, during
the time the grain is developing.v" Little data for 1960
is yet available but markedly lower values than in 1959
were recorded in the United States and Canada. No
significant fall was noted in Denmark and the Federal
Republic of Germany.

69. Wheat fio~tr. The ratio of Sr 90 to calcium is less
in wheat flour than in the whole wheat grain. This is
illustrated in table XIII where the Sr90 content of mil
ling products from Canada, the United Kingdom and the
United States are tabulated. The Sr9 0 calcium ratio in
flour was approximately one-third to one-half of that
in whole grain and one-quarter of that in bran. All the
available values for flour are tabulated in table XII.
Differences are shown between areas comparable to those
found in the whole grain.

70. Rye, barley and oats. Rye is an important cereal
in Northern and Eastern Europe. Data on the Sr90 con
tent are available for Germany, Denmark and the USSR
which are responsible for a major share of the world's
production" (table XIV). Mean values were very simi
lar to those for wheat and this encourages the view that
this may also be true in North America for which values
are not available. World production of barley is spread
-overa large part of the Northern Hemisphere, with some
production in Oceania and Africa. Only scattered
analyses are available, probably because in many areas
barley is not used directly for human food. Mean values
for barley in Denmark in 1959 were similar to those for
wheat; this was also approximately true in the Federal
Republic of Germany in 1956-1958. Values for barley
from South America and Africa are very considerably
lower than in the Northern Hemisphere. Few analyses
of oats are available, again probably because of the much
lower importance of this cereal in the diet.

71. Maize. Maize is grown in many areas but is of
minor importance in the average diet of North American
and European countries and extensive sampling has not
been carried out (table XIV). Analyses in the United
States in 1958-1959 indicate values per kg very much
lower than those in wheat. However, since the calcium
content of maize is very low, the calculated ratio of Sr90

to calcium is lower than that in wheat by a factor of
only 2-3. Comparable values were recorded in Rhodesia
in 1959 and it was calculated that maize may have sup
plied about half the Sr90 in the total diet of the African
population.227 In Central America, where maize is also
important in the diet, the ratio of Sr" to calcium was
very low in 1958.

72. Rice. Rice is a staple cereal in the diet of many
populations but has been sampled systematically only in
Japan (table XIV). The ratio of Sr90 to calcium in
brown rice (unmilled or under-milled rice) is roughly
comparable to that of wheat from the same area. Milling
markedly reduced the ratio of Sroo to calcium in rice
grain in 1956-1957, but in 1960the Sroo to calcium ratio
in milled and unmilled rice was similar. In 1960 the 5r90

content of brown rice had decreased to about one-quarter
of that in the immediately preceding years because the
amount of direct contamination was greatly reduced. The
few values which are given in table XIV for rice from
other areas in Asia are consistent with lower fall-out
rates in tropical latitudes. .
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73. Other cereals. Millet, quinoa and native grains
from a few areas where these are used commonly in the
diet have been analysed but no wide-spread sampling
has been carried out. None of the samples is particularly
high in Sr 9 0 (table XIV).

Vegetables

74. Green vegetables. Recent and extensive measure
ments of green vegetables are available only for North
America, Europe and Australia (table XV). In 1959 and
1960the mean values in the Northern Hemisphere were
generally comparable. They were significantly lower in
Australia. The ratio of Sr90 to calcium is normally some
what higher than that of milk from the same area.

75. Legumes. In many countries where leguminous
vegetables are eaten fresh and are not major items in
the diet, there is no real necessity to consider them sepa
rately from other green vegetables. The available results
from the Federal Republic of Germany and the United
States show that mean ratios of Sr'" to calcium in pea
and bean crops are similar to those in leafy vegetables.
In many other areas, however, dried legumes contribute
a substantial fraction of the total calories and this justi
fies separate treatment (table XVI). Surveys conducted
in Africa and South and Central America in 1957-1958
show that in these areas the ratio of Sr9 0 to calcium in
beans and other legumes did not exceed 4 and was often
below 2 p.p.c Sroo per g calcium.

76. Potatoes and starch.y roots. The available values
for potatoes are given in table XVII. Like green vege
tables they normally show ratios of 51'90 greater than
those of milk from the same area. In 1957-1960, mean
levels of Sr90 in potatoes in the United States, the United
Kingdom, the USSR and the Federal Republic of Ger
many were of the same order. Comparison of the Sr9 0

content per kg and per g of calcium indicates that the
mean calcium content is very variable. There is wide
variation in the Sr9 0 content according to region in in
dividual countries; this shows some correlation with
rainfall." The data from other areas are too few to per
mit any comparisons to be made. Analyses of types of
starchy roots which are important in the diet in South
America have been made (table XVII). A wide-spread
survey in Venezuela in 1958 indicated a mean value for
yucca (cassava, maniac) of 22 p.p.C Sroo per g of cal
cium with a very wide range. The wide range may have
resulted from a deliberate attempt to discover extreme
values; the median value of these figures was only 12.
Samples of potato and sweet potato from the same area
gave lower mean values.

Fruit
77. The few available data for fruit are summarized

in table XVIII. They are derived from analyses made
in only a few countries and include home grown and
imported fruits. The nature of the fruits is so varied
that summarization and comparison is difficult. In the
Federal Republic of Germany, Denmark and Australia,
mean values of the ratio of Sr90 to calcium for locally
grown fruits appear to be rather higher than for vege
tables. Imported fruits, coming from tropical or sub
tropical areas were often lower in Sr90 than those from
north temperate latitudes.

M eat, eggs and fish
78. Meat, eggs and fish have not been extensively ex

amined because they generally contribute only a little
Sr90 to the diet. Some data are presented in table XIX.
They indicate values of the ratio of 5r90 to calcium in

." ,
i". '



83. The ratio of Srooto calcium in newly formed bone
of all age groups should be similar, except possibly in
very young infants (para. 34) provided that the ratio
of Sr 9 0 to calcium in their diet is the same. However,
the ratio in the whole skeleton of adults is considerably
lower than that for children because of the absence of
growth and differences in turnover rates. Analyses of the
bones of children may be used to give a direct measure
of the concentration in newly formed bone. The bones
of the newborn have special value since they reflect the
average ratio of Sr9 0 to calcium in the mother's diet
during the later months of pregnancy. While the diet
of pregnant women may differ from that of the average
adult, this difference may be less than between adult
and very young children. The variation with age in the
average ratio of Sr9 0 to calcium in bones is shown in
figure 2 which utilizes the very extensive data obtained
in the United Kingdom in 1959. The concentration in
the newborn was a little over 1 p.p.cSr99 per g of calcium.
The highest mean values, in the bones of children 1 to
2 years old, were about four times higher than in the
newborn. The concentration was less in older children
and at the age of 8 years was about the same as in the
newborn. In adults the value was very low, about one
quarter of that in the newborn if the normalization factor
of 0.45 from femur, the bone analysed, to whole skeleton
is adopted.

84. Less detailed data are available from most other
areas so that wider age groups have been used in show
ing similar data for eight countries in figure 3. It can
be seen that the highest values always obtain in the 0-4
year age group and the lowest in adults but the relative
difference between the 0-4 year age group and adoles
cents in different countries is variable. Figure 3 also
shows that, between Japan, the United Kingdom and the
USSR, the values for the newborn are more nearly
comparable than are those for the 0-4 year age group.
These apparent differences between countries in the
relative concentrations in bones from different age
groups may be due to unavoidable sampling errors but
may also represent real differences in Sr90 and calcium
intake caused by differences in dietary habits in the
young. In particular, the extent of breast feeding will
have a great influence on the Sr 90 to calcium ratio of the
diet owing to the discrimination in passage from mother's
diet to milk (para. 28).

Geographical location

85. :rhe geographical origin of a bone sample may
affect Its Sr 90 concentration because of variation in the
fall-out deposit in different areas or because there are
regional differences in dietary habit. In table XXI the
detailed data for 1959-1960 have been summarized for
broad geographical areas, the mean values from indi
vidual countries being weighted for total population. The
mean values in table XXI suggest that the Sr 90 to cal
cium ratio in the bones of adults adolescents and new
born is similar in areas above theIatitude of 30oN; that
is, in North America, Europe and Japan. The value for
the 0-4 year old group in Japan, however, appears to be
rather lower than that of other areas above this latitude.
This may be due to differences in the extent of breast
feeding, but it may be noted that the levels of Sr&O in
milk from Japan also appeared to be lower than in North
America and Europe (table VII).

86. For ~entralAmerica, data are available from only
two countries and a marked difference is shown between
them. Values for Puerto Rico are comparable with those
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meat and eggs generally comparable to or lower than in
milk. The value in marine fish is particularly low i in
river fish it is higher.
Tea

79. A beverage which might appear to contribute
much Sr oo to the diet is tea, since some high values for
the Srooto calcium ratio in tea have been reported.sa

, 1 8 , 85

However, laboratory experiments suggest that only a
small percentage of the Sroo is released into the infu
sion.85,221 The estimated contribution to the diet is small,
and comparable to that from drinking water (table V).

MEASURED LEVELS OF SRoOIN HUMAN BONE

80. The Sroocontent of a sample of human bone de
pends on:

( a) The rate of deposition 0 f Sr 90 in the bone, which
has been determined hitherto primarily by the age of the
individuals. However, when fall-out has continued for
a longer period, this factor will be less important i

(b) The dietary intake of Sr oowhich in turn depends
on the composition of the diet and on the variation in
time, and between geographical areas, of the Sroo in
fall-out. It is thus related to the year of death and the
geographical location.

81. Values for the concentration of Srooin bone from
any given area show a wide range (table XX). This
arises from the natural biological variation, which also
occurs with stable strontium and the error associated
with the measurement of the small quantities of Sr oo in
the bone. In the accompanying comprehensive table
(table XX), the range of values is shown in those cases
where detailed information is available. Because the
number of samples is rarely as many as 100, only general
comparisons can be made between different areas and
the significance of differences based on small numbers
of samples is doubtful.

Effect of age
82. Sroo has been present in the environment for a

relatively short 'perio.d so that a large amount of pre
formed bone existed 111 adults and, to a lesser extent in
older children. In addition to true growth which occurs
only in children, in both children and adults existing
bone is, to a variable extent, replaced by new bone' the
proportion of bone undergoing such changes is likely
to be vel':>: much smaller in adults than in children. A
recent estimates" based on the comparison of Sroo to
stable strontium and SrOO to calcium ratios in different
age groups suggests that the annual skeletal turnover
i~ ne~rly 100 per cent in the first year of life and very
hl~h 11l t~e second. It falls to about 10 per cent in the
third to eighth year, and to very low values during the
second burst of growth around puberty. In adults rate
of turnover in ivory bones such as the femur shaft is
?nly about 1 per cent but may be as high as 8 per cent
111 vertebrae.*

.. The difference in turnover rates means that the particular
b0!1e chos;n for analysis is not important in the case of young
c~tldren smce the ratio of Sr 90 to calcium differs little between
different bones but this is not so in adults. B5, 98 Analyses of a
number of. whole adult skeletons have shown that the relative
concentrations of Sr99 are as follows: vertebra/skeleton 2.1;
rib/skeleton 1.4; femur/skeleton 0.45.30 These values were ob
t:l:m~d from whole skeletons in New York in the years 1958-1959.
Similar values have been obtained in the United Kingdom 256

It has .been considered legitimate to use these factors for other
areas III order to facilitate comparison where different bones
have be;en used for analysis. In table XX, adult bones have been
nOTl1:ahzed by the use of these factors, where identification was
possible.
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in the United States, but those for Guatemala are dis
tinctly lower. The latter corresponds with the low intake
of Sr DO calculated from dietary information (table IV).
From Africa in the latitude band 0-30° N no informa
tion is available, but a few values from the Near East
(Israel) suggest levels rather below those in Europe.
From South-East Asia data are few but again suggest
levels lower than or comparable with those from coun
tries further north. Mean values from the Southern
Hemisphere (South America, Australia, Republic of
South Africa) are generally lower by a factor of two
or more than those in North America and Europe.

87. Such differences between areas in the SrDO con
tent of bone correspond roughly with what is to be ex
pected from latitudinal differences in the deposition of
fall-out. It has been noted, however, that the difference
in bone levels are rather less than those in deposition.v"
A maj or contributory reason is likely to be differences
in diet, but this cannot be invoked in a comparison of,
for example, Australia and North America where the
diets are similar. The transport of food from one region
to another may also be important in producing more
uniform bone levels.

Trends with time

88. In figure 4 values for the Sr90 content of the bone
of 0-4 year old children are shown for some countries

in which regular sampling has been carried out. Similar
rises were shown from 1956-1958 in four countries of
North America and Europe. Thereafter the time courses
were divergent, with a marked rise in 1959 being shown
only in the United Kingdom. The value for Canada in
1960 (no data are available for 1959) was distinctly
lower than that in the United States, both values being
based on a large number of samples. This order is the
reverse of that shown by the milk levels in the preceding
years, Only a slight rise was shown in Japan. No con
sistent change was observed in Australia or Chile. The
general differences in trend between northern and south
ern hemispheres are consistent with the differences in
deposition of Sr90

• The more detailed differences may
depend in part on lack of representativeness in sampling
but may well arise from genuine differences in dietary
habit in the young.

89. Detailed information from the United Kingdom
(figure 5) shows a marked increase with time in tlae
values for children but no significant change with
adults.P" The data in table XX suggest that this was
generally true in other areas.

Observed ratio (bone/diet) frot'PL measurements
of Sy9° in bone

90. It is not possible to calculate the OR (bone/diet)
'for adults from fall-out data because of the short time
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which it has been present in the environment, relative
to the period during which the bones of adults have been
formed. This difficulty does not arise with respect to
young children, but the composition of their diet is very
varied and is often not well known, so that no detailed
evaluation of the OR from survey data is justified at
the present time.
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Germany

Japan
Australia

USA

19601959

--------- -"'() Canada.

~+--'-__+ Chile

1958

91. The bones of the newborn, or still births, how
ever, provide an opportunity for estimating the OR
(foetus/mother's diet) since relatively large numbers
of bones of the newborn have been analysed and much
information is available on the adult diet. For different
countries in Europe and North America (table XXV)
the values range from about 0.1 to 0.13. This result is
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in bone in different areas appear to vary in a generally
similar manner to the levels of Sruo deposition, par
ticularly in regard to geographical latitude.

93. An attempt is now made to summarize these data.
and compare the values found in bone with those pre
dicted from diet. The data are considered as means,
weighted appropriately for production or population
over broad areas. A comparison is made between the
Sr9 0 to calcium ratio in the bones of young children and
newborn in 1959-1960 as representing the newly formed
bone in the population, and the dietary levels in 1958
1960. It would be preferable to use bone data from 1%0
only for comparison but this is not yet available from
all areas. Such data as we have suggest that the increase
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Notes:
(i) In each group the mean values are linked by a continuous line and the maxi

mum values by an interrupted line. In the first category the lower continuous
line (B) relates to the bones of adults and no maxima are drawn as they
differ 50 little from the mean; the upper continuous line (A) relates to the
mean values and the interrupted line to the maximum values for still-born
infants whose bones are formed indirectly from the maternal plasmas.

(H) The subscript tables for each category give: (n) the number of individuals;
Cm) the mean value in /lf1.C per g calcium; (s.d.) the standard deviation of
the values in p.p.c per g calcium D8
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in good agreement with that which can be inferred from
experimental studies on animals; the OR ( foetus/
mother) is about 0.5 and when this is combined with
the OR bone/diet of 0.25 a value of 0.125 is obtained.
The variable values for Japan shown in this table may
have been due either to the small number of samples or
differences in the composition of diet.

EVALUATION OF MEAN LEVELS OF Sr DO IN DIET AND BONE

92. In the previous sections of the present annex,
measurements of Sr 90 in individual foods, in total diet
and in bone have been presented and discussed. Atten
tion has been drawn to the fact that the SrDO to calcium
ratios in individual foods, in diets.of similar types and
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from 1959 to 1%0 was small and that the use of the
1959 values for these areas is a reasonable approxima
tion. Values for diet before 1958 are not used because
they are fewer than in later years. It is, in any case,
probable that the age distribution of samples of bone in
the 0-4 age group is generally biased to younger ages
owing to the higher mortality rate in the first years of
life; consequently, much of this bone would have been
formed in the period 1958-1960.

Eooiuatio« of Sr" to calcium ratio in total diet,
.1958-1960

94. Measurements for the total diet are available only
from limited areas (table IV). However, by adopting
one food as a reference standard and comparing with
it the level in total diet or in other foods, extrapolation
to wider areas is possible. Milk has been chosen as the
reference standard not because it necessarily supplies a
large proportion of the dietary 51'90 but because it has
been most widely sampled.

95. Two approaches have been used:
(a) A comparison of the estimated levels in total

diet from table IV with those in milk from the same
countries from table VII. The results are given in table
XXII. In diets of class I the Sr98 to calcium ratio in the
total diet ranged from 0.9 to 2.9 times that in the milk.
The average of all results (excluding Denmark, the
value for whick fell outside the usual range) is 1.4. In
Japan (class HI) the ratio total diet/milk increased
from 1.4 iFl 1957 to 3.6 in 1960, since the level in the
total diet increased more than did that in the milk over
this period. From the limited surveys in Central and
South America values for the ratio of total diet to
milk from 0.9-3.3 are suggested. The single value for
Africa (10-13, based on limited sampling in Rhodesia
in 1959-1960) is comparatively high. The diet in this
area, however, shows quite distinct Ieatures.?"

(b) A comparison of the Sr9 0 to calcium ratio in milk
and in cereals, vegetables and fish, where measurements
were available from the same area in 1958-1960 and
su.bsequently to .. compile. ratios for the ratio total diet!
milk for a number of different types of diet. This cal
culation may be justified on the basis that while actual
levels of Sr90 in foodstuffs in different areas will de
pend on the extent of deposition, the relative degree of
contamination of different types of crops may be ex
pected to bear some roughly constant relationship to one
another. Considerable variation may occur because of
?i:fference~ in agricultural conditions and practices, but
If comparisons are made over sufficiently large areas
useful relationships may be established. '

96. Three types of diet have been used, based on the
c1.assification ~ccording to calcium contributions pre
viously established (para. 39). Attention should be
draw? to the fa~t that ~is c)assification applies only to
the diets for which detailed information on the calcium
contributions was available and is not necessarily com
plete. Since the Sr90 to calcium ratio in unmilled cereal
is much higher than in milled cereal additional calcula
tions have been made for diets in which 30 per cent or
all of the cereal is unrnilled. (This would in fact change
the calcium contribution from cereals to some extent
but thi~ has not been taken into account owing to the
approximate nature of the calculation.)

9~. Details of the diets and values obtained are set
0l;lt m ~able XXIII. Values for the calculated ratio total
diet/milk range from 1.5 for diets of class I to 4.2 for
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a diet of class II in which a high proportion of the cal
cium is derived from unmilled cereal. These values are of
the same order as those calculated from measured levels
in total diet. It must be pointed out, however, that the
two methods are not entirely independent since some
of the data used have already been used in the calcula
tion of the total diet values. However, this second
method does permit the inclusion of many more data.

98. This calculation provides an opportunity of esti
mating the differences that might have occurred in the
51'90 to calcium ratio in different types of diet. It sug
gests that in areas of similar deposition of SrQO the ratio
in diets of classes II ana IIl, which have relatively little
milk, may have been only about twice that in diets of
class I. In fact, since much of the area of Asia and
Africa, where diets low in milk are common, has been
one of low deposition of 51"0, the differences are likely
to be much smaller. This is borne out by the measured
levels in total diets in Viet-Nam and Africa compared
with those for Europe and North America (table IV).

99. The substitution of unmilled cereal for milled
cereals appears to increase the ratio of SrDO to calcium
in the total diet by at most about 50 per cent i this is a
rather smaller effect than has been noted for some indi
vidual countries (paras. 56 and 57). Mention should be
made here of diets not included in the classification
above in which up to 80 per cent of the calcium in the
diet comes from cereals and the rest from vegetables.v"
Calculation from the values given in table XXIII 5Ug
gest that even in this case the ratio total diet/milk would
not exceed 5-10, the exact value depending on the pro
portion of the cereal which was milled.

Comparison of calculated and measured Sr" in bone

100. Table XXIV sets out:
(a) Production weighted mean levels in milk for the

period 1958-1960, based on tables VII, IX and X;
Cb) Mean levels illl diet for 1958-1960, based on

table IV;
(c) Calculated levels in total diet, using the weighted

mean levels in milk and the ratios total diet/milk de
rived from measured levels in the total diet (table
XXII). Since milk values, other than those used in cal
culating this ratio, are available only in Europe and
North America, this method cannot be applied to other
areas;

(d) Calculated levels in total diet based on mean
worldwide ratios of the SrDO to calcium ratios in indi
yidual foods to milk and the approximate diets, assurn
mg that the cereal was all milled (table XXII). This
has been applied to all areas except Central America,
where the diet has special features (para. 40) and ap
pears not to be classifiable on this basis'

(e) Calculated ratios of Sr90 to calcium in new bone
on ~he assuI?ption of an OR (bone/diet) of 0.25. The
baSIS for this value has been previously discussed;

(t) Calculated ratios of Sr90 to calcium in new bone
usin~ observed values in newborn (table XXI) and as
summg that the Sr90 to calcium ratio in foetal bone would
be one-half that in new bone of the mother owing to
placental discrimination (para. 36) ;

(g) Observed levels 0 f 51"0 in the bones of children
0-4 years old in 1959-1960 (table XXI).

. 101. The approximate nature of these calculations
must be stressed. Nevertheless a very reasonable cor
respondence of calculated and measured bone levels is



found. In general, measured bone levels are somewhat
lower than those predicted from the diet. Greatest un
certainty must attach to the calculations for Asia and the
Far East where systematic surveys are few and where
large populations are unrepresented by data. However,
the measured values in bone from these areas are lower
than in North America and Europe.

102. The generally good agreement between values in
bone predicted from dietary surveys and the observed
levels (table XXIV) is of considerable importance from
the viewpoint of design of surveys of Sroo in the human
diet. The conduct of surveys which conform to strict
statistical principles is laborious and expensive even in
highly organized countries; and it is likely to be impos
sible elsewhere. Present results encourage the view that
the standard of sampling which has been adopted in
many areas is adequate to show the approximate average
level of Sr9 0 in the bones of large population groups;
furthermore it appears that especially when milk con
stitutes an appreciable part of the diet, the ratio of Sroo

to calcium in bone could have been predicted reasonably
from the assay of milk alone. Considerably more elab
orate surveys are, however, necessary to elucidate food
chain mechanisms.

FUTURE LEVELS OF Sroo IN DIET AND MAN

103. In the detailed description of the routes of entry
into food chains described previously (paras. 13-24) at
tention .has been drawn to the importance of alternative
routes of entry of 51'00 into vegetation in addition to
absorption from the soil. This is emphasized by the
changing degree of contamination of milk, vegetables and
cereals between 1958, 1959 and 1960 (paras. 62-76)
which can be seen to have been related to the changing
rate of fall-out. Some estimates of the relative magnitude
of direct contamination and of absorption from the soil
have been made. In the United Kingdom, for example,
absorption from the soil was estimated to have contrib
uted only about 40 per cent of the Sroo in milk in 1958
and 1959, but some 75 per cent in 1960when the rate of
fall-out was considerably lower.?" Estimates of the
amount of Sroo in wheat due to direct contamination
range from 20-90 per cent.84,210,28~ It is clear then that
both factors must be taken into account in estimating
future levels in diet and bone under specified conditions.

104. The many factors affecting the relative impor
tance of the rate of fall-out and the cumulative deposi
tion in the contamination of food have been stressed
previously (para. 25). Because of these factors it ap
pears preferable to attempt evaluation for world-wide
predictions on a country-wide basis so that local fluctua
tions assume less importance.

Method of evaluation

10S. In the previous report of the committee and in
other' publications,203,204.247 attempts have been made to
Jredict the future levels of Sroo in diet on the basis of
in expression of the following general form:

C = PdFd +p.F,
vhere
: is the concentration of Sr90 (f.LJLc) per gram of calcium

in a food,

:<'d is the cumulative deposition of Sr oo (me/km")

..r is the current rate of deposition of Sr90 (me/km"jy)

.nd Pe and pr are proportionality factors.
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They can conveniently be termed the "cumulative" and
"rate" factor respectively. Neither factor can be re-.
garded as a true constant. The cumulative factor will
vary with location depending on soil type, and will vary
with time as the distribution of Sr90 in soil changes
(paras. 14-20). It will decrease as leaching and possibly
fixation occurs (paras. 19 and 20). The rate factor is
dependent on the many variables affecting foliar reten
tion and contamination, and on the extent of plant base
absorption (paras. 23 and 24). The reliability of the
estimates of the proportionality factors is discussed in
paragraph 118.

106. The factors were evaluated for the previous re
port by means of regression techniques, using data for
milk, and preliminary results of experiments in which
Sr90 uptake by crops growing in the field was measured.
There are now considerably more data available for
longer periods of time during which the fall-out rate
varied considerably. More experimental evidence is also
available.

107. A number of methods can be used to evaluate
the two factors using the data set out in tables VII to
XVII and the estimates of fall-out rate and deposit
(F I, figures 37 and 38). The principal method used is to
assume that in late 1960 when the fall-out rate was low,
the contribution of the fall-out currently being de
posited to Sr90 in food was insignificant. Thus the cumu
lative factor may be determined by dividing the meas
ured ratio of Sr?" to calcium in foodstuffs by the ac
cumulated deposit. Since the fall-out rate was not zero,
a maximum value is obtained. Where possible, mean
values for wide areas have been used. This method en
ables values to be obtained for a considerable number
of areas, especially for milk. The rate factor can then
be determined by applying the calculated value of the
cumulative factor to the results of previous years when
the rate of fall-out was considerably greater relative to
the cumulative total in the soil. This method has been
preferred as the general basis for evaluation because it
makes it possible to use survey results from wide areas.
Supplementary information can however be obtained in
other ways:

(a) By regression analysis providing adequate data
on the rate of fall-out, the cumulative deposit and the
level of contamination in the foodstuff are available.
Such data are available only for milk and in relatively
few areas;

(b) By calculating the cumulative factor from the
results of experimental investigations of the absorption
of radio-strontium by crops growing under field condi
tions. This can be the most precise method for evaluat
ing the situation in anyone locality. However, since
results are available only for Sweden>" and the United
Kingdom,14Z,247 they do not provide an adequate basis
for assessing the world-wide situation;

( c) By assuming that, in the absence 0 f direct con
tamination, the ratio of Sr90 to stable strontium in all
parts of the plant should be the same. The existence of
a higher ratio in whole grain than in roots,235 or in bran
compared with flour,84, 210 indicates direct contamination.
This fraction can be evaluated and compared with the
annual fall-out deposit to obtain the rate factor. The
value of the cumulative factor may be determined from
the difference. Since the assumption must also be made
that none of the Sroo in flour is due to direct contamina
tion, this method gives maximum values for the cumula
tive factor and minimum values for the rate factor;

(d) The approximate value 0 f the rate factor is also
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116. Total diet. The values of the cumulative and
rate factors adopted for individual foods are set out in
table XXVII. They have been used to calculate factors
for the total diet weighted according to the calcium
sources in the diet types previously used for evaluation
of present and past levels. It should be noted from this
table that the rate and cumulative factors for the various
diets differ only by a factor of about 2. For calcUlating
future levels a rate factor assuming 20 per cent ofthe
cereal is unmilled has been adopted as a conservative
estimate.

117. Because of the delay in consuming such foods
as cereals and potatoes, these weighted factors will be
applicable only if the rate of fall-out is reasonably con
stant from year to year. Owing to such delays and the
presence of considerable amounts of imported foods in
many diets, direct determination of the proportionality
factors from measurements of total diet, thoughtheo
retically possible, is unlikely to give reliable results at
the present time, since the rate of fall-out has varied
very considerably over the few years (1957-1960) for
which such measurements are available. Such an evalu
ation will be more useful when data are available for a
period which is long in comparison with the lagincon
sumption. However, approximate comparisons can be
made, realizing their limitations. Total diet measure
ments in the United States in early 1961 indicated an
average level of 6.7 JLJLc 51'90 per g of calcium intotal
diet, which on the basis of a deposition of 27 mc/kml

indicates the cumulative factor for total diet in the
United States to be about 0.25 (diet 1), compared with
the previously calculated value of 004. In Japan, the
latest values in 1960 show a value of 19.3 p.p.c Sroo/g Ca
in total diet and a deposit of 25 me/km'. Hence the
cumulative factor for total diet is 0.77 (diet Ill). These
values must however include some component from the
fall-out rate; this suggests that the values calc.ulated
from the individual foods lead to conservative estimates
of the factors for total diet.

118. Reliability of the values adopted. Before a~tempt
ing to calculate future levels of Sroo in the total diet, the
accuracy of these forecasts should be considered, In-
accuracies may arise from: I

(a) The error associated with the measure':1ent of
Sroo in foodstuffs and in fall-out deposits, parl1cularly
in regard to the representativeness of the samples;

(b) The lack of coverage for certain large area~ o~
the world which leads to the necessity for extrapolatiOn,

(c) The fact that annual fall-out values are ~sed
whereas vegetables and cereals are subject to contamtna-

indicated by laboratory experiments in which radio
strontium was deposited on crops in various stages of
growth and the amount in the edible parts determined
at maturity.P"

Estimated value.?of proportionality factors

108. Milk. By assuming that in late 1960 or in early
1961 the contribution of Sr90 to milk from current fall
out was insignificant, values of the cumulative factor
for several areas have been calculated. Table XXVI
shows that they range from 0.2-0.8. Comparison of the
values calculated in this manner with the results of re
gression analysis for areas in the United States and the
United Kingdom, and the values calculated from field
experiments in the United Kingdom, show that good cor
respondence between the different methods is obtained.
For the purposes of calculation, a world-wide mean value
of 0.3 will be assumed. Values close to this are achieved
for broad regions by comparing the weighted mean
values in milk for 1960 (table X) with the average
cumulative depositions in appropriate latitudinal bands
(F I, table XIV).

109. The value of the rate factor obtained by com
parison with previous years or from regression analyses
when the rate of fall-out was comparatively high, ranges
from 0.3-1.2. A value of 0.8 will be used for calculation.

110. At present, much of the Sr90 in unploughed pas
ture land remains in the upper centimetres of soil. Field
experiments indicate that with deeper penetration of SrDO

in the soil, the value of the cumulative factor will be
reduced by about one-third>" Hence, for the long-term
situation a value of 0.2 is adopted.

Ill. It may be noted that these estimates show that
the rate factor is considerably greater relative to the
cumulative factor than appeared from the very limited
data available to the Committee at the time of the pre
vious report, when the rate factor for Perry, New York,
was estimated as 0.23 and the cumulative factor as 0.34.

112. Green vegetables. Direct estimates of the cumu
lative factor for vegetables, calculated from the limited
data available for late 1960 (table XXVI) and from
field experiments/3 0

, 14 2 indicate values ranging from 0.5
to a little greater than 1. The value of the rate factor
from the comparison of 1960 values with those in pre
vious years ranges from zero to 0.8.

113. Potatoes and starchy roots. The values of the
cumulative factor calculated from the limited data for
1960 available, range from 1-3 (table XXVI). Field
experiments in the United Kingdom and Sweden suggest
a range of 0.7-1.4. The value of the rate factor from a
~o~pa:ison of 1960 values with those of earlier years
IS indicated as close to zero. For calculation the
cumulative factor will be taken as 1, the rate factor as
zero. The adoption of somewhat higher values for these
factors has little influence on the over-all prediction since
the contribution of calcium from this source in all the
approximate diets is very small.

114. Cereals. The value of the cumulative factor can
not be derived from the 1960 data because of the extent
?f floral .cont~mination (para. 23) which was significant
m 1960 m spite of the low fall-out rate. However be
cause the rooting depth of cereals and vegetables is often
similar, and the soil is prepared in the same way for
both crops, the value for cereals has been derived from
that for vegetables. Allowance has been made for dis-
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Figure 6. Calculated levels of Sr 9 0 in three diet types (para.
39) under two conditions of testing, following the model
adopted (F I, 110, 114). The values are calculated for world
average fall-out. For values in particular latitudes, see dis
cussion in paragraph 119 and F IIl, 33.

trometer to make simultaneous measurements of CSl S1

and the naturally radio-active K40 has encouraged the
expression of CS1 S7 concentrations in terms of potassium
in a manner analogous to that used for strontium and
calcium (para. 9). However, while strontium and cal
cium are interdependent and behave in a relatively simi
lar and regular manner in biological systems, this is
apparently not true of caesium and potassium. For ex
ample, in absorption by plants, the OR (plant/solution)
may increase by a factor of 2-10 as the concentration
of potassium in the external solution is increased.l16, l 7?

Similarly in rats, it has been found that a ninefold
change in the dietary potassium level causes an almost
proportional change in the OR (tissues/diet).290 It has
also been shown that, in the animal body, CS1S7 and
potassium may be distributed in quite different ratios in
different tissues and organs.262, 2DO, 203 Since the observed
ratio changes markedly under different conditions, it
appears that this concept cannot usefully be applied
for this pair of elements. However, as a matter of prac
tical necessity, values for the CS1 S7 content of diet and
man in the following tables are expressed in terms of
the ratio of caesium to potassium, since this is the method

tion for only short periods, and the rate of fall-out has
varied considerably throughout the year;

(d) The uncertain pattern of future fall-out particu
larly in regard to distribution throughout the year.

119. However, the reasonable agreement between es
timates made by different methods and for different
areas suggests that the values adopted may provide a
satisfactory basis for estimating possible future expo
sures of populations, at least in those regions from which
the basic data were obtained. The values should be
applied only to large regions. They may be open to
considerably greater error if applied to particular
localities.

Calculated future levels

120. In calculating the levels of Sr90 which may occur
in the future, on the basis of proportionality factors
(tables XXVI and XXVII) and predicted levels of
deposition (F I, figures 37 and 38), account must be
taken of the fact that some Sr 90 will be lost from the soil
by run-off, leaching and removal in crops; part of the
Sr9 0 which crops absorb may, however, be returned to the
land in organic manure. Moreover, slow fixation proc
esses may lead to some reduction in the availability of
51'90, These processes are discussed in paragraphs 14-25.
For predicting the world-wide levels of Sr 90 in diet, it
is assumed that the net losses of Sr90 will be 2 per cent
per annum. This is considered to be an adequately cau
tious average which will not under-estimate the general
level of dietary contamination. Between different re
gions, wide variation is to be expected; considerably
larger losses have been estimated for some areas" but
elsewhere it seems possible that losses may be consider
ably lower.

121. Estimated future levels of Sr90 in the three
classes of diet adopted are given in figure 6 for two of
the cases considered in part I of this annex (F 1,110).
These levels are calculated for the mean diet of large
populations : smaller groups may have intakes differing
from the average as discussed in paragraphs 51-61. The
levels are calculated for the average world fall-out
(F I, 33). If the present pattern of latitudinal distribu
tion were observed in the future, the mean levels in the
temperate zone of the Northern Hemisphere would be
about twice those in the figure, whereas the levels in the
Southern Hemisphere would be lower than in the figure.
A discussion of the factors to be used to calculate values
for different latitudes and to calculate a population
weighted mean diet value for the world is given in annex
F, part Ill, paragraph 33.

(a) Tests ended in 1961. Figure 6 shows that after
a slight rise the levels in diet will quickly fall off until
values of less than 2 p.p.c Sr90 per g of calcium are
reached by the year 2000. If tests continued until 1965
the levels in the year 2000 would be near to or less than,
3 p.p.c Sroo per g of calcium. Thereafter radio-active
decay and removal would cause the level to drop by about
5 per cent per year;

(b) Continued testing. Under continued testing the
levels would rise until at equilibrium the levels would
be about three times those calculated for 1960.

Ill. Caesium·137

CAESIUM-137 IN FOOD CHAINS

Relationships between caesium and potassium

122. The chemical similarity of caesium and potas
-siurn and the opportunity offered by the gamma spec-
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of presentation in many publications.* The ratio of
CS187 to potassium is, in fact, the preferable unit in which
to express the content in man, since it correlates better
with lean body mass, and hence with organ dose, than
does CS137 per kg of body weight. This, however, is quite
independent of considerations of the similarity of meta
bolic behaviour of CS187 and potassium.

Soils and plants

123. Cs197 , like Sr'", can enter plants both by direct
contamination and from the soil. However, CS137 is ab
sorbed from the soil to a considerably lesser extent than
Srllo. Once absorbed, unlike Sr'", it is readily redis
tributed within plants, its distribution being relatively
similar to that of potassium.

124. Absorption from soil. Large-scale field experi
ments, comparable to those with 5roo, have not been
carried out for Cs197 . However, the relative uptakes of
5r90 and CS187 have been compared in many laboratory
experiments and these may be used as a basis from which
the behaviour of CS137 in the field may be inferred. These
experiments show that CS187 is less well absorbed from
soil by plants than 5r90; the relative amounts vary with
the soil type. In short-term experiments, with typical
soils of temperate regions, CS137 is absorbed to an extent
only 1/10 or less of that of 5rOO.11l,m,149 With the pas;
sage of time the absorption of CS187 relative to 5r90

decreases, and after three years the quantity absorbed
may be about 1/25, or less, of that of 5r90,149,283 Marked
differences, however, occur between soils and in some
soils of tropical origin the absorption of CS187 is con
siderably greater.f" High uptake of CS1B7 relative to
5r90 was also found in lowland rice growing in paddy
soil ;118 this was ascribed to the presence of nitrogen in
the form of ammonium ions.

125. Reaction of CS137 with soil and downward move
ment. The relatively low absorption of CS187 by plants
is due to chemical reactions which tend to bind it to soil
constituents.P: 135, 179 CS137 enters into the crystal struc
ture of micaceous minerals in a manner similar to but not
necessarily identical with that of potassium.135,m,'180

Once bound, caesium is replaced from soils to only a
small extent by divalent cations, but more readily by
caesium, ammonium or potassium ions.18o The addition
of carrier caesium can increase the uptake of CS137 by
p1ants,118,m The addition of potassium may decrease
the absorption of CS137 in soils low in available potas
sium; it may, however, have no effect when the available
potassium is high. l 34 , lSG Owing to this strong binding,
the downward movement of CS137 in soils is considerably
slower than that of 5r90.227,272

126. Direct contamination of plants with Csl31 • CS137,
like 5r90, may enter plants by foliar, floral or plant base
absorption. CS187 is retained by the plant surfaces on
which it lodges directly to about the same extent or per
haps a little better than 5r80/ 22, 158, us and the factors
affecting retention appear to be generally similar. The
relative rates of penetration of 5r90and CS137into tissues
are 110t known. A very marked difference in behaviour
occurs after absorption because of the ready redistribu
tion of caesium throughout the plant. 122 , l fio

127. Plant base absorption. Little is known regarding
the extent to which CS187 enters plants by plant base
absorption. However, it may be noted that although in

*These may be approximately converted to other units since
the potassium content is roughly constant in milk (1.4 gJI) and
in the human body (2 g per kg of body weight).
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many areas the ratio of CS137 to 5roo in milk decreased
owing to the low rate of fall-out in 1960,251 in othersthe
ratio remained relatively constant from 1959-1960.227,242
This may be interpreted as due to differences in pasture
management affecting the degree of retention in the root
mat and of incorporation of CS187 in the soil. It suggests
that retention of CS137 in the root mat of permanent
pastures may cause CS137 to be relatively available to
plants for a period of a year or more.

Aquatic food chains

128. Experimental studies have shown that CS137may
be concentrated by the flesh of aquatic organisms to a
degree one or more orders of magnitude higher than the
surrounding water.?" However, analyses of CS137 in fish
do not suggest a very large contribution to the total
content of the diet (table XXXI) .33, 108 Consequently
detailed discussion of this aspect is unwarranted. '

Transference into milk

129. The metabolism of CS187 in animals has been less
well studied than that of 5r90. However, it has been
shown that some 10 per cent of orally ingested Cs137
is secreted into the milk of dairy cows; this corresponds
to about 1.3 per cent of the amount ingested per litre of
milk.181,182,207,·221 The amount of CS137 transferred into
milk is slightly greater than that of potassium. 201, 204 No
information is available on the secretion of CS137 into
human milk.

Metabolic behaviour in man and mammals

130. CS1S7 and potassium are absorbed from the gut
virtually completely, and are mainly distributed in the
soft tissues in the body. The distribution of CS131 from
fall-out in human tissues has been studied in a number
of post-mortem samples. The results indicated a con
centration of CS137 in rib bones which were free of
muscle but not of marrow, comparable with that in soft
tissues. 222,226 The results were variable and further in
formation is necessary before firm conclusions can be
drawn. When CS1S7was injected into patients, the bones
at autopsy had somewhat lower concentrations of Csl37
than the soft tissue.!" Studies with mice have indicated
that CS1S7concentrates in cartilage.r"

131. At least two exponential processes can be recog
nized in the excretion of CS137 from the body of most
species including man/o, 298, 3H following the administra
tion of a single dose. In man two components are wen
established: a small fraction (10 to 15 per cent) is
excreted with a short half-life (1.0 to 1.5 days) while
the remainder is excreted more slowly. There is con
siderable variation among individuals, and half-livesas
low as 50 to 60 days207,208 and as high as 150 to 160
days298,314 have been reported. The average appears to
be in the region of 100 to 120 days.217, 288,8H This con
trasts with the more rapid turnover of potassium, the
apparent half-life of which depends very largely on the
dietary intake. 40, 108, 20', 2118

132. The rate of turnover in different species isgen
erally related to body size, being particularly rapid III
small animals such as the mouse and rat. 263, sa Ruminants
form an exception to this rule, however, having a. rela
tively rapid biological half-life.268, 284 The level of dietary
potassium has little effect on the rate of removal of ~S131
from the human body ;'" an increase in daily pota~slUm
intake produces only a transitory increase in the urma.ry
excretion of Cs137, and it subsequently returns to Its
former rate. 2G

'
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MEASURED L~Vl!:LS OF CS131

133. The gamma-radiation associated with CS131 can
be distinguished from that emitted by the naturally
radio-active K40 using a scintillation spectrometer.
Direct estimates of CSU1 and potassium contents of living
subjects, of large samples of diet and of samples of
human excreta can be obtained. Since the biological half
life of Csm in the human body is relatively short, there
is comparatively little variation in the concentration of
::::S131 (per kg of body weight or per g of potassium)
retween different age groups. Thus measurements on
idult subjects can be used for estimating the dose to the
vhole population. It will be recalled that for SrPo,

neasurements on adults were of very limited use, and
unphasis was placed on measurements of the concen
ration in the bones of children and in the total diet. For
:S131 much less importance attaches to the analysis of
liet or to other indirect methods of estimating body
ontent, and comparatively few values are available.

CS1 31 in the total diet

134. Few estimates of the concentration of CS161 in
le total diet have been made. Estimates available from
le United States in 1956-1957 and Canada in 1959/°,108
table XXVIII) indicated an intake of about 60 jJ.J.tC per
ay and a ratio of CS131 to potassium of about 20 jJ.jJ.c/g

:. In mid-196l, analysis of composite diets in the United
tates of America indicated an intake of only 33 jJ.J.tC per
ay.S12 In these countries some 60 per cent of the CSIS1
'as supplied from milk and 25-35 per cent from meats.
1 Japan, analyses on composite diets indicate a total
'lily intake of close to 50 jJ.J.tC CS131 per day in 1959 and
~60.MOApproximate calculation from the levels of Csm

I foodstuffs at Gunma (table XXXI) suggests that
erhaps half of the CS131 was derived from cereals and
iat vegetables, milk and meat were other important con
ibutors. In Argentina in 1961 the total daily intake of
S;[37 was estimated as 40 flLjJ.C. 44

135. An alternative to analysis or estimation of
etary CS137 is analy.sis of the mean daily excretion of
,1S1. A few data are available for the United StatesS16
Id the United Kingdom.F" In 1957 two American sub
cts excreted 33 and 40 jJ.}LC CSUT per day in the urine ;S10
e daily total excretion of one subject in the United
ingdom was 81 jJ.}LCand 36 jJ.jJ.C in April 1959 and April
'61 respectively. Two other men excreted 42 jJ.jJ.C and

J.tJLC in April 1961.208 These values are very similar
those quoted above as estimates or measurements of
ily diets.

CSUT in milk

136. Measurement of CS1S7 in food has with few ex
otions been confined to milk, because of its importance
a supplier of CS137 to some diets, and because of the
,e with which it can be sampled. Mean values for CS131
milk are set out in tables XXIX and XXX. Regular
rveys of milk have been carried out for some years in
irth America, and have been started recently in a nurn
r of countries in Europe. Surveys are also carried on
India, Japan and Australia. The rest of the world is
iresented by isolated samples; no recent results are
rilable for large areas of Asia, South America and
rica,

[37. The CS]31 content of milk may be regarded as
gely determined by the current rate of fall-out or the
e in the recent past owing to the small quantity of
l31 absorbed from the soil. Large fluctuations are ob-
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served following those in the rate of fall-out. This is
illustrated in figure 7 which shows the quarterly mean
concentration of CS131 in milk in several areas. Sharp
rises in the concentration of CS137 in milk were shown in
the United States, Norway and India following heavy
fall-out in the spring of 1959. That the peak value was
not as high as in 1958 in the United States in spite of
heavier fall-out may indicate the importance of the dis
tribution of fall-out in relation to the grazing period in
determining levels in milk. Following the drop in fall
out rate a sharp decline occurred in the concentration
of CS181 in milk in the United States and India, which
reached low levels in late 1960. In Norway the pattern
was different. Although a sharp rise in 1959 was shown,
the concentration showed no consistent fall until kite
1960. This type of difference must be ascribed to differ
ing climatic and agricultural conditions; in particular,
it raises the possibility of a lengthy hold-up of CS131 in
the root mat of certain types of permanent pasture.

138. The wide variation with time in the concentra
tion of CS131 in milk from a single area, and the scarcity
of really representative data which cover a complete
year make comparisons between different areas difficult.
The limited data in table XXIX indicate that levels in
North An<erica and Europe are comparable, with rather
low levels being shown in Denmark and very high ones
in Norway. Values from Japan are also somewhat higher
than in North America; in India and Australia they
are distinctly lower.

CS13 f in other foods

139. Some data for CS]31 in foods other than milk
have already been presented in table XXVIII. Other
data chiefly from a single location in Japan are presented
in table XXXI, It may be noted that wheat from Canada
and cereals from Japan have a ratio of CSIS1 to potassium
of the same order of magnitude. The vegetables from
Japan, however, have higher ratios of CS181 to potassium
than those from North America (table XXVIII). A
comparison of values based on such limited sampling is,
however, of doubtful significance. Meat from Norway
shows high contents of CS1S7 which are in proportion
to those in milk from the same areas.m Not enough is
known about the metabolism of CS1S1 in the cow for the
concentration in meat to be deduced from that measured
in milk, but there will certainly be a correlation assuming
similar feed for dairy and beef animals. The exception
ally high values which are recorded in reindeer meat are
attributed to the grazing of lichens316

Measured levels of CS1 S7 in the human body

140. Few whole body counters have been available in
recent years; in consequence, determinations of CS1S1

in large numbers of individuals have been restricted to
North America and Western Europe. Measurements
have been made recently also in Japan. While many
other countries are represented in table XXXII, the
determinations were carried out on relatively few indi
viduals who were visitors to a laboratory where a counter
was situated. The extent to which such visitors are
representative of their native population depends on the
interval between leaving their country and being meas
ured, and also on the extent to which socio-economic
differences in diet exist. Neither factor can be evaluated
with the available information. Consequently, in table
XXXII results for visitors to each laboratory have been
grouped together in broad geographical regions. Results
for indigenous populations of countries in which the
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noted that in countries with diets high in milk, a corre- ~
lation exists between the quantity of milk drunk andthe I ~
CS187content of the body.108,19', 1174

143. Trend with time. The trend with time in several
groups of subjects is shown in figure 8. Repeated me~s
urements on two groups of persons have been earned
out in Chicago (United States) and Berkshire (Eng
land). They follow an almost identical trend. Mean
values for random samplings in New Mexico and Ger
many are higher but in all cases the pattern is similar, a
rise from 1956 to 1959followed by a distinct fall through
1960 to early 1961. This is consistent with a dependence
of the body content on the rate of fall-out since the
latter declined sharply in 1960. In contrast, t~e consIder-
able rise in cumulative fall-out over this period wasnot
accompanied by any comparable rise in body content.

144. The rate of response of the content in th~ body
is slow compared with the rate at which chang~s III fall
out occur. This is well illustrated in figure 9 which shows
the changes in CS137 content of the body and the fall-out
rate in Berkshire (England) during 1956-1960. It results
from at least two factors The first is the time necessary
for changes in the rate o'f fall-out to be reflected in the
diet. This may be quite short for foods such as milkdur
ing the grazing season, but will obviously be much longer
when stored foodstuffs both animal and human, are
involved. The second f~ctor is the time necessar~ for
the body to reach equilibrium with the diet.. This IS

determined by the biological half-life, which IS of the
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Figure 7. Csll7 concentrations in milk in three countries
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measurements are carried out are presented separately.
It may be seen that there is good correspondence between
the results of different laboratories where reasonable
numbers of samples are available. Consequently, all re
sults have been summarized by broad geographical
regions in table XXXIII.

141. Geographical variation. The mean values for
those areas in the Northern Hemisphere where large
numbers of measurements have been made are very
similar. Far fewer values are available for persons rep
resentative of the Southern Hemisphere, but the mean
values (for South America, for example) appear to be
somewhat lower than those from the Northern Hemi
sphere. There is thus some suggestion of a correlation
with the latitudinal distribution of fall-out, although this
is much less clearly established than for Sr90 in bone.

142. Some local groups have been reported with body
contents consistently in excess of the averages reported
here.275-1177 Small groups from Oslo and Bergen in Nor
way were measured in Sweden; their body contents were
184 and 477 p.p.cjg K respectively in 1960. It may be
noted that the CS137 in milk in Norway was also found
to be higher than in other areas of Europe (table
XXIX). There is also the possibility that high consump
tion of goat's cheese may have led to higher body con
tents."? Considerably higher values have also been found
in people living in the north of Sweden. 275,276 These
higher values can be ascribed to the eating of reindeer
meat, which is high in CSIS7 (table XXXI). It may be
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order of four months. Marked changes in fall-out rate
may occur in shorter periods than this.

Evaluation of mean levels of CS187 in the human body

145. The paucity of data from many areas prevents
any detailed comparison of the levels of CS187 in diet and
corresponding levels in the human body. The summary
table XXXIII, together with the data set out in figure 8,
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indicate that over the period 1958-1960 the mean annual
level of CS137 in the human body did not change more
than -I- 25 per cent from the value in 1958. Bearing in
mind the limitationsofthe data for subjects from regions
other than North America and Western Europe (para.
140), it seems likely that the average values for the
broad geographical regions would also fall within this
range. Allowing for the number of observations and the

--------------



greater proportion of the world's population in the
Northern Hemisphere, it appears reasonable to suggest
that the world average in this period was 60 J-tjLC Cs131

per g of potassium (± 25 per cent).

FUTURE LEVELS OF CS1 S1 IN DIET AND MAN

146. The levels of CS1 31 in diet and in the body were
largely determined up to 1960 by the rate of fall-out.
The contribution from the accumulated deposit has been
small but it will become proportionately larger, either
when the rate of fall-out is very low some time after
the cessation of weapon testing, or if the accumulated
deposit becomes larger in comparison with the rate of
fall-out owing to continued testing.

147. Present data are insufficient to justify the pre
diction of future levels of CS1 31 in diet by methods similar
to those used for Sr90 • Considerably less experimental
information is available. Moreover, the contribution
from the soil cannot be estimated from the results of
surveys by assuming an insignificant contribution from
the fall-out deposit during 1960, as was done for Sroo,
because the rate factor for CSlaT is very large relative
to the cumulative factor. The delay which can occur
between the deposition of CS1 3 1 and its incorporation in
the soil is a further cause of uncertainty (para. 136).

148. In view of these difficulties, alternative ap
proaches have been examined. The approximate esti
mates of the future doses from CS1 31 , which are made
in the following paragraphs, are based on the relation
ship between the internal and external dose rates. They
take into account the facts .that the accuracy with which
it is necessary to estimate the contribution to the internal
dose from CS1 37 absorbed from the soil should be con
sidered in relation to the total dose from this nuclide, and
that the external dose depends on the total deposit.

149. On the cessation of the testing of nuclear weap
ons, the levels of CS1 31 in diet and in the body would
decline in a manner similar to that observed in late 1959
through 1960. Estimates of the amount of CS1 S1 ab
sorbed from soil suggest that the level in the diet and
body would within a few years fall to less than 1/10
of the levels observed in the year of maximum fall-out.
The external dose-rate would decrease considerably
more slowly.

150. If the effect of continued testing on the con
tamination of diet is to be evaluated, account must be
taken of the contribution of the increasing levels of
CS1 S7 in the soil. Because of the difficulties referred to
in paragraph 147, no precise estimate of the actual
dietary levels can be made. However, limits can be set
to the magnitude of the resultant internal radiation dose
in relation to the external dose from this nuclide. If fall
out were to continue at a steady rate the components of
both internal and external dose due to the cumulative
deposit must show the same proportional increase. While
the cumulative deposit determines the external dose it
has hitherto been responsible for only a very small frac
tion of the internal dose" (para. 146). It follows there
fore that, as the cumulative deposit increases, the internal
dose from Csm will tend to become smaller relative to
the external dose. Thus an upper limit can be set to the
future internal dose by assuming that the relationship
between this and the external dose will remain the same

* In some cases, however, absorption from the soil may be
considerably greater than the average (para. 124); in these
areas the cumulative deposit would make a greater contribution
to the internal dose.
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as in 1959 when the highest levels of dietary contami
nation were observed (a calculation on this basis is given
in annex F, part IIl, paragraph 41).

IV. Short-lived radio-nuclides

151. Radio-nuclides of short half-life reach measur
able concentrations in food only during or shortly after
a series of nuclear weapons tests. The levels reached
depend very much on the size and altitude of the explo
sions. Tropospheric debris, which is deposited relatively
quickly, gives rise to proportionately greater levels, par
ticularly of those radio-nuclides with very short half
lives, than debris injected into the stratosphere.

152. The amount actually present in the diet will be
greatly affected by the seasonal nature of agricultural
production and the delay between consumption and pro
duction of many foods. Because of the short half-lives,
absorption from the soil is unimportant and entry Into
food chains occurs mainly through direct contamination.
Deposition in winter months, if dairy animals are not
grazing and if few crops are exposed, is of less signi
ficance than comparable deposition in the summer. Food
stuffs other than those consumed very soon after pro
duction contribute a negligible quantity of short-lived
radio-nuclides to the diet. Milk is the major source of
these radio-nuclides in many areas. In other areas where
less milk is consumed, fresh vegetables will be the major
source.

RADIO-NUCLIDES OF IMPORTANCE

153. The following radio-nuclides must be con
sidered:

(a) Strontium-89. Sr8 g (half-life 51 days) behaves
similarily to Sr~o in food chains. It has a special im
portance in that comparative measurements of 5r80 and
Sroo lead to valuable information on the rate of passage
through food chains;

(b) Barium-140. Ba,HO (12.8 days) is also an alkaline
earth element and is deposited in bone in a similar man
ner to S1'90 and calcium. However, it is relatively poorly
absorbed from the gastro-intestinal tract. About 0.4 per
cent of ingested Ba14 0 is secreted into cow's milk'" with
an OR (milk/diet) of 0.06.187 The OR (bone/diet) in
humans has been estimated as 0.06 ;284

( c) Iodine. Several radio-nuclides of iodine are
formed in fission but, owing to the very short half-lives
of most of them, only p31 (8.1 days) is of importance
at times more than a few days after fission. p81 is
readily absorbed by the gastro-intestinal tract and con
centrates in the thyroid gland. About 5-10 per cent of
the ingested dose is secreted in cow's rnilk.P: 220.223

154. Many other short-lived radio-nuclides pass
through terrestrial food chains to only a small extent
and are not absorbed by man in appreciable amount.
However, some consideration has been given to the pos
sibilities of CelH, 2n65 or Fe 65, which may be concen
trated in marine products, reaching man through this
route.?" On the most pessimistic assumptions, however,
the amount absorbed appears to be only a very small
fraction of the total intake of SrDO.

MEASURED LEVELS

155. Measurements of short-lived radio-nuclides in
food have been made in comparatively few areas, and



are mainly concerned with milk. Measurements of these
nuclides in foods such as cereals or root crops, which
are stored for an appreciable period before consumption,
is unimportant. The most comprehensive sampling of
milk has been carried out in the United States. Annual
mean levels from 1957-1960 are shown in table XXXIV.
Figure 10 shows the variation of levels with time at
three sites in the United States. The generally similar
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fluctuations in the levels of the three nuc1ides measured
(5r89 , p81 and BaU O

) were related to the timing of
nuclear explosions and to the fact that in some areas
during the winter, the cattle eat mainly stored food in
which the short-lived activities have decayed.

(a) Sirontium-S'), The mean levels of Sr80 in milk
in the latter half of 1957 and in 1958 in the United States
are shown in table XXXIV. During this period ratios
of Sr89 to Sr9 0 in milk, comparable to those in the United
States, were recorded in Canada (1957-1958) and in the
United Kingdom (1958) .201 By the latter part of 1959
the SrS9 had fallen below detectable levels (fig. 9).
Information of Sr se levels in milk following the renewed
testing of nuclear weapons in 1961 is not yet available.
Some measurements in the United Kingdom in 1958
showed that an appreciable contribution of Sr~9 could be
made to the diet by leafy vegetables ;84

(b) Iodine-Ls l, The levels of J181 in milk in the
United States which were relatively high in 1957-1958
(table XXXIV) rapidly fell, so that the average for
1959 was below detectable levels. In September 1961,
the resumption of nuclear testing resulted in appreciable
levels in milk. Measurements made in the United King
dom and the United States are shown in figure 11. The
initial levels were higher in the United States, but over
a ten-week period an average value of a little more than
100 }Lp-c/l was recorded for both countries;
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Figure 11. Weekly average concentration of 1181 in milk in the
United Kingdom (__)806 and United States (_ - -) 622-6204

in late 1961

(c) Barium-140, The time course of BaU Q in milk
resembled that of PS1 in 1957-1959 (fig. 10). The aver
age level in 1959 was below the limits of detection. In
late 1961, levels of up to 300 p.fJ-c/l of milk were recorded
in the United Kingdonr''"

FUTURE LEVELS

156. In the absence of testing these short-lived radio
nuc1ides quickly decay and become of no significance.
Under conditions of continued testing, an equilibrium
between deposit and decay would be quickly established.
The levels reached in diet would depend on factors relat
ing to the type of explosion and agricultural factors, as
discussed in paragraphs 151-152.
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TABLE I. STRONTIUM-CALCIUM OBSERVED RATIOS IN ABSORPTION BY PLAN'I'S

Barley •.••••.•.•.••.•••.•.•••.•..•.•
Ten species••••••••.••••••••..•••.•

Tomato ......••.•.•.••.••••••.••••.•
Five species••••••.••.•••••.•..••••

Wheat .....•.•••.•...•••••••••.•.••.}
Pea.•••.........•••.•••....••.......

Method

Sr", Cau

Sr", Cau

Stable Sr, Ca
Srlt, stable Ca
Srll, stable Ca in

sand culture

OR
(plant/solution)

=1
0.7-1.3

=1
1.1

{1.0}
0.9

126
124
125
202

144

TABLE n. STRONTIUM-CALCIUM OBSERVED RATIOS (MILK/DIET)

SPecies Method
Numb., of

OR Rq.,.lICIJsubj,,1s

COW•.........•..•....••...• Srl O assay Herd 0.16 184, 185
Sr10assay Herd 0.09 148
Sr10assay Herd 0.08 8

Stable strontium, Herd 0.13 209
calcium Herd 0.11 148

Radio-strontium, calcium 3-5 0,14 223
in different experiments

Simultaneous dosage 8 0.11 224
Srll, Cau 2 0.11 187

4 0.15 188

Goat ........................ Double tracer daily 2 0.09 186
Sr", Cau 8 0.12 224

Man ........................ Sr'0 assay 4 0.10 168

TABLE Ill. STRONTIUM-CALCIUM OBSERVED RATI<ilS (BONE/DIET) IN MAN

Mtthod

Stable strontium and calcium in diet
and bone...•••.••••.•••.••..•...•..

Sr8l, Cau, single oral dose .•. " •.••.... "

Dttail

Canada .••••••.•..•.
USA..........•.....
United Kingdom .
Japan .
16 patients .

312

OR

0.24-0.26
0.18
0.23-0.25
0.16
0.29

284
209

10,84,149
101
213
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TABLE V. THE PERCENTAGE CONTRIJlUTION OF INDIVIDUAL FOODSTUFFS TO TBE TOTAL YEARLY INTAKE OF Srll'l
IN SEVERAL COUNTlUES, 1959·1960

Values in parentheses are based on indirect evidence

Fed. Rep. of
Austria Cd"&JaGerman~

USA (71.237) UK (85, 227) Denmark (228) (24) (255) (XII)

195JJ 1960 1959 1960 1959 1960 1959 1960 IPSP
...._"".,;""~"'..,y....._.<

Milk products ................ 39 29-51 57 53 38 27 26 51 n it
Root vegetables and potatoes .. 3.1 3-16 5.9 7.1 3.2 4.7 12 2.7 ,1.8 }Leaf vegetables ....... " ...... 29 7-22" 5.5 4.6 (10.6) 11.3 14 3.1 4.6 ill!}

Fruit•......••.........•.... 7.7 1-14 (3.5) (2.9) (8.1) 3.7 24 1.6 4.0
Meat ....•...•.............. 2-8b (3.5) (2.8) 1.5 5.2 ri,'"
Fish ................•....... 1.8 0.1-0.7 (5.6) (0.1) - 0.1 ;'.$

Eggs........................ 1-4 1.7 (0.8) 1.0 0.7
Cereals .....•..........•.. , .. 17 16-32 13 15.4 35 49 24 42 6.6 2~

Tea.•....................... H 6.5 (0.8) (1.2) 0,6
Water." .................... 2.3 4.4 5.2 1.8

TOTAL, SriO/lPC 6,534 1,349-4,760 3,568 2,529 6,125 4,040 5,800 4,020 6,170
TOTAL, Ca g 370 383 396 396 580 580 239 383 .i7

Sr·~ /l/lc/g Ca .•.............. 17.7 3.1-12.3 9.0 6.4 10.6 7.0 16.8 16.1 HP-;

• Including dried beans and canned vegetables. vegetables and fruit was found by difference . (R!!'cilI,}e''']iJl'!1<''
b Including poultry. from 330.)
a The value for the composite diet and for milk, cereals and d Including eggs.

water are based on direct measurement; the percentage for the

TABLE VI. Sr1JOIN BABY FOODS AND TBE DIET OF INFANTS

ILp.c Sr90/g Ca

UKb USA.
Fed. Rep. of 1959 (Aug.)-Germany. 1959 1959 1960 1960 (la".) 1960 (Aug.)

Food based on:
Cereals............... 13 5.4 18 2.8 1.9
Fruits................ 18 26 16Vegetables............ 19 25 23
Meats ................ 1.0 8.1Milk ................... 13 9.8 6:4 25d 12d

Infant diet. ............. 12
14· 10'

9 8 14 8.8Adult diet (table IV) ..... 13.6 9.0 6A 11.2 10.2

& Means of 9-13 samples.~l Total diet value for infants 0.1 years old.2< Milk value is for
manufactured food based on milk,

• b Means of representaqve samples of five different types of cereal based foods.s5.227 The
milk v~lu~ IS the countrywide average for fresh milk. The total diet value is an app oxi tupper limit. . r xtrna e

o Means of number of samples of different brands and types.71, rss
d Formula milk,
e Evaporated milk.
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TABLE X. REGIONAL AVERAGES FOR THE RATIO OF Sr90 TO Ca IN MILK"

Region

N. America .• , ...•..................•......••...•.•••..•••
W. Europe ......•..•..........••...•.......••••••••••••.•
E. Europe (USSR) .......•...•.••••......•..••.•.. , ...•...
Far East Gapan) ...•.•.••.•..•••.• , ..........•.••.•.•.•.•

Asia (India) ....•... , .•.•...........•.•..•..•.•.••. " .••••
Central America .••.....•••..••••.••...........•.•.•.•.•..

S. America ..•..••.••..........••.........................

Oceania (Australia) .••.....•..••••...••........•..•.•.•.••.

Africa .•.•......••••...••.....•.•..•••............•...••.

LotitutIu

> 300N

> 300N
> 300 N
> 300N

o-300N
1OoN-300N

lOoN-SO'S

> 20°5

> 10·S

1954 1955 1156 1951 1958 1959 19dO

1.2 3.7 4.9 5.5 8.5 12.2 7.9
3 5.0 6.4 7.2 8.6 8.6

5.2 10 8.2
1.9 3.8 6.2 5.4

2.3 5.9 2.3
1.2 2.8 1.9 0.8

1.8 1.9 3.3 1.9

3.8 3.7 4.1 5.7

2.6b 2.6b 1.0'

a Mean values have been calculated utilizing primarily the
data Irom the regular surveys shown in table VII, but using also
the data from table IX where necessary. The means have been
weighted by the quantity of milk produced in each country. It is

important to note that varying numbers of countries are repre
sented in different years.

b Union of South Africa.
o Rhodesia.

319
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TABU XIII. Drsramurroa OF Srfo() IN WILLING PIlODUcrS OP WHEAT

Results presented as JIJi-C/g Ca. or, italicised, as PJ'C/kg

ROl1ge shOttM i" parm/llesu

• Mean of seven sample. from various parts of country.
d Weighted means for n number of IftateS.

Brtt,. P'k>ozt4

134 :i: 15 31 ::I:: 3
118::1:: 15 4.6 :i: 0.5

93 (49-136) 13 (5-26)
87 (42-158) 2 (1-4)

163 :i: 20 38::1:: 4:
141 :i: 20 5.4 :i: O.S

201 69
ZJl 15

160 (133-224) 48 (28-90)
2152 (162--433) 12 (8-19)

73

227

114

70,73

85

0.30

0.42

0.37

0.48

0.34

1Witl -
JbulvGlll R4"1IIt4

0.40 114

0.34 84

62
/1

24 (13-48)
5.4 (2.8-8-9)

142
163

93 (68-134)
94 (54-171)

& Of about 70 per cent extraction.
b Calculated from composite whole grain samples and average

distribution in milllng products.

1959
USAd.. . • .• . • ..•• • •• . .•• • . . . . . . . . . . . . . . . . . . •. 129

53
UK , , • , ..•..... , . . . . .. . . 70 (51-90)

34 (19-54)

1957
Canadab ••••••••••• " • • • • • • • • • • • • • • • • • • • • • • • • 103::1: 10

37 :i: 4
UK" , , , . . 38 (21-49)

Z5 (13-45)

1958
Canada> •.••.•••••.••..•..• , •.•.• , •• , • . • . • . • . 125::1: 13

44:i: 5
USAd •••.••....•••••..••••...•.. " .• . . ..• •••. 164

t5Z
UK" ••...•.....•.•.••.•••.....•.. , . . . . . . . ..•. 131 (109-174)

t50 (54-75)

322
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TABLE XVI. Sr9 0 IN LEGUMINOUS VEGETABLES-PEAS AND BEANS

Results presented as jj/LC Sr OO per gram calcium, or italicized, as jj/l.c SrOO/kg

Figures in parentheses indicate the number of samples aI~d the maximum and minimum values

N. America
USA.. 8.7 (14,1-21)

Europe
Fed. Rep. of Germany

Denmark ........•..

FarEast......•.... . . •
Japan '" 4.5 (1)

1957 1958 1959 19IIO R.j.,.7/J;f

8.8 (5, 4.6-14) 18 (3.4-88)b 6.0 (3-12)° 35,74
49 (9-178) 4.0 (2-7) 198

22 (8, 12-47) 20 (30, 1-100) 10.5 (6, 9-12) 69,71,70
61 (7-100) 7.5 (1-27) 6.4 (4-8) 24,22,310

15 (2, 15-16) 228
6.5 (5-8)

33

C. America
Costa Rica .
Guatemala .......•..
Honduras .
Nicaragua .
Panama .

S. America
Bolivia .
Venezuela•..•....•..
Colombia .

Africa
UAR ...........••..

Sudan .

Kenya .

S. Rhodesia ..

Union of South Africa

2.8'
0.8'
0.8'
0.8'
0.3'

1.2 (1, 0.3-22)
3.4 (18, 0.7-18)

0.8 (4, 0.2-1.4)
1.6 (1.0-2.3)
1.7 (1)
6.3
1.1 (5, 0.3-2.0)
2.5 (0.9-6.8)
3.7 (3, 2.2-5.2)
4.7 (2.0-7.5)
2.0 (4,0.3-3.9)
6.1 (1.6-8.6)

38
38
38
38
38

38
38

3.0 (1) 319

38

38

38

38

38

• Samples collected and analysed by Lament Geological
Observatory.

326

b Composite samples from 10 states.
• From "Tri-city" study.m



TABLE XVII. Sr90 IN POTATOES AND STARCHY ROOTS

Results presented as PJ!.c Sruo per g Ca or, italici8ed,as p./l-c Sr 90/kg

The figures in parentheses indicate number of samplet and the maximum anI! minimum 'Values

RIg/on /1nl!country 1957 1958 1959 1960 Rej"enu

POTATOBS

N. America
USA.•••.•.•..•......••......•...• 25 (12, 1-61) 39 (5-130)' 74, 198

(Alaska).••.•.....•••.... , ......
8.7 (0.8-8.2) 4.0 (0,5-10)

7.8 (1) 39,58

Europe
UK .•.•.•.••.•..•..•...•....•..•. 14 (4-32)' 23 (4-85)' 20 (5-62)' 84,85

1.6 (0.7-3.6) 1.9 (0.5-7.1) 1.6 (0.5-U) 227
Fed. Rep. of Germany•.....••.•...• 11 (10, 2-22) 28 (10, 6-36) 25(1) 27 (15, 11-(5) 69,71

Z.6 (0.7-5) 7.6 (2-15) Z.5 4.1 (1.!)-8.2) 241,307
Denmark •..•.•.•...........•..•.. 33 (9, 12-63) 47 (9, 14-83) 228

1.4 (0.6-2.3) 1.8 (0.7-3.1)
Austria .•••...•.••.••............. 25 (16) 255

1.5
USSR.•...•..•••.•.........•.•..• 17 (3,9-33) 36 (3, 24-46) 42 (3, 34-52) 59

0.8 (0.5-1.3) 1.7 (0.9-2.4) Z.J (1.5-3.0)
Africa

UARd ..•...•....•...••••.••..•..• 5.4b 38
1.1

Sudan ..•....•.......•...•.••.••.• 2.1b 38
0.5

S. America
Colombia ..•...•.....•.........•.. 6.1 (1) 0319
Venezuela............•....•.•.•... 4.2 (2) 38
Chile ..........•.....•••....•.•••• 0.5 (1) 10 (3, 1-24) ~ 28 (3, 14-35) 65, 66

5.4 (2.5-'1.8) 319

{UCA (CASSAVA, MANIOC)

S. America
Venezuela•.•.......•••••.••.••.•.• 22 (21,0.5-182) 38
Bolivia .•..•...•......•..•..•..... 5.9 (4, 4-9) 38
Colombia ..•...•.....•.•.••.•.••.. 21 (4, 1.5-70) 319

• Weighted mean from samples representative of countrywide d Values for cotatoes of 17 IJ.JJC SriO!g Ca and for colcasia of
iroduction. 9.4 IJ.IJ.C SrgD/g a were found for the Delta region of the UAR

b Composite samples. in late 1961.m
• From Tricity study: year consumed.
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TABLE XIX. Sr90 IN MEAT, POULTRY, EGGS, AND FISH-1958-1960

CounlT:!

328

:\;.~

Trl-city study-

Tri-ci ty studys

Tri-city study
Countryside sampling
Countryside sampling
Eight samples from New South Wales

4.6 (3.5-5.9)
9
6.3
7.3

3.0 (1.6-4.5)

10 (1-14)

0.3 (0.1-0.6) Tri-city study-

1960 0.8 (0.5-1.8) 1.0 (0.6-1.5) Tri-city study.
1958 1 0.1 Samples from North Sea
1959 8 Tunga analysed in USA
1958 0.6 Tunsa analysed in USA
1959 0.4 Deep sea, 4 samples
1959 3.2 Coastal, 2 samples
1959 15 Fresh water, 9 samples

• These results arise from an extensive survey of the total diet carried out in three cities in the USA.m

Australia .

Fish
Fresh

USA .
Shell

USA.•. ' .•...............•
Fed. Rep. of Germany.•.....
Spain , .
Japan , .

Meat
USA..••...........••.•.•...

Poultry
USA•.••.........•........••

Eggs
USA .......•.•.••••.••....••
UK .
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TABLE XXI. SUMMARY OF THE REGIONAL MEANS OF Sr9~ CONCENTRATIONIN HUMAN :BONES, 1959-1960

(J1./IoC SrDo/U calcium)

A,e-y,ar$

N11JJ6or'll 0-4 5-19 >19
Area LtJli/ude 1959 19~O 1959 19~0 1959 1960 1951J 1960

· America ......... > 300N 1.2 1.1 2.3 2.3 1.1 1.5 0.3 0.3
r. Europe ......... > 300 N 1.4 1.1 2.5 2.5 0.9 1.2 0.4 0.5
· Europe ..•....... > 30 0N 1.5 1.9 1.3 0.4
'ear East .......... > 300 N 0.4. O.S 0.1
ar East ........... > 30 0N 1.2 0.8 1.0 0.6 0.9 0.3 0.6
sla••......•...... < 300N 1.1 1.2 1.7 0.5 0.3 0.3 0.2
entral America ..... < 30 0N 0.6 0.6 D.S 0.2
· America ......... lOON-lOoS 1.0 1.1 0.5 0.7 0.1 0.3

> 200 S 0.4 0.5 0.4 0.4
.ustralia ........... > 200S 0.6 0.5 0.9 0.8 0.6 0.6 0.2 0.2
.frica.............. > 20 0S 0.9 0.8 1.0 0.2

TABLE XXII. A COMl'ARISON OF MEASURED RATIOS OF Sr90 TO CALCIUM (p.J1oCJg) IN TOTAL
DIET (TAIlLE IV) AND MILK (TABLE VII)

&f{O'll and count,y Y'aI'
To/al di<l/milR

Ratio (m,an) (,an,,)

1959-1%0
1957-1960

(a) Val-ues based on contin-ued, often widespread, tlWit sampling

N. A mer-ica
Canada, .•..............•........ , ...
USA.•.............•...•....•.......

1.1
1.3 0,9-1.7

Europe
UK" .
Fed. Rep. Germany, .............•....
Denmark" .
Austria .. " .......................•..

1957-1960
1959
1959-1960
1960

1.2
1.8
2.9
1.7

1.2-1.3

Oceania
Australia , " " 1957-1960

Far East
Japan ... '" ...•..•....... , .... , .. '" 1957-1960

(b) Values basedon single, often verylimited, diet samples

Central America
Five countrles-- b. • • • • • • • • • . . • • • • • • • • • 1957-1958

S. America
Four countries> , , .. . . . 1957-1959

Africa
Rhodesia> " . .• . . . . . .. . . . . . . . 1959-1960

" Excluding mineral calcium.
b Based on limited sampling.
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1.1

2,2

1.3

2.7

10-13

1.4-3.6

0.9-2.0

1.9-3.3



TABLE XXIII. CALCULATED RATIOS OF THE RATIO OF SrDO TO CALCIUM IN THE TOTAL DIET TO THAT
IN MILK FOR VAlUOUS APPROXIMATE DIET TYPES FOR 1958-1960

P~r"nlag, eonlr/bulion of ,akiultl 10 lhe diel

Ceteala
Ralio I<Jlal

Componenl Milk Milled Unmilled V.g.b Fish. diello milk

Ratio to milk.; .......... 5 13 3 <0.1
No. of observations ...••. 10 33 35 3
Range .................. (2-10) (1-43) (1-12)

(a) . . . . . . . . • • . . 80 5 0 15 1.5
Diet Id (b). • . . . . • . • . • • 80 3.5 1.5 15 1.6

(c) . • • . • • . . • . • • 80 0 5 15 1.9
(a) . . . . . . . . . . . . 40 20 0 40 2.6

Diet lId (b) .••..•..•••• 40 14 6 40 3.1
(c)••..•.•.•••• 40 0 20 40 4.2
(a) ..........•. 10 15 0 60 15 2.6

Diet nr- (b) • • . . . . • . • • . • 10 10 5 60 15 3.0
(c)•••.•••.•••• 10 0 15 60 15 3.8

• Including wheat, rye, maize and rice.
b Vegetables of all kinds and fruit. ., "
• Marine fish only. If all the fish were from fresh water the ratio of total diet to milk might

be increased by about 0.4. (Based on Japanese data, table XIX.) .
d Diet (a) contains only milled cereal, (b) 30 per cent unmilled cereal, (c) all unrnilled cereal.

TABLE XXIV. COMPARISON OF MEASURED Sr90 TO CALCIUM IN BONE, 1959-1960, WITH LEVELS IN
NEW 'BONE CALCULATED FROM DIET MEASUREMENTS, 1959-1960 (see text, para. 100)

All units P/l-C Sr90/g Co

N. America. . . . • . . . . . . . . . . . . I
W. Europe...... .•......... I
E. Europe. I
Near East.................. 11
Far East. . . . . .. . III
Asia ..•...•.......•.. " .... 11-111
Central America., ..•.•.•....
S. America.;".. 1-11
Oceania.................... I
Africa.......... . .... . . .... . 11

Ar~a
A ssumed
dk"ype Lolllude

> 300N

< 300N
< 30"N
> OOS
> 200S
> 20"S

Tolol diel New bone 1959-60

Calouldlea Ca/ouloted Measured as
Measured tI,0ItI diel from bones mean level in

Milk (lab/, IV) Cal,uloled ( R - 0.Z5) ofnewbor.. 0-4-year-oUr
(a) (b) e,)a (d)b (e) IJ) (r)

9.5 12 13 14 3 2.3 2.3
8.1 11 11 12 3 2.5 2.5
9.1 13 14 3 3.0 1.9

3 1 0.4
5.10 13° 13 3 2.4 1.0
3.50 7 9 2 2.3 1.7
1.6 1 0.3 0.6
2.3 4 3-6 1-2 0.6-1.0
3.8 4° 6 1 1.1 0.8
2.6 3-8 7 1-2 0.9

TABLE XXV. A COMPARISON OF THE RATIOS OF Sr90 TO Ca IN AVERAGE ADULT
DIET AND BONE OF NEW-BORN OR FOETUS

The range of values is shown in parentheses. The data are taken from
table IV (diet) and table XX (bone)

b Based on the weighted mean of milk and the ratios of total
diet to milk for the approximate model diets (from table XXHI).

°Based on one country only.

• Based on the weighted mean of milk and measured ratio of
total diet to milk in some countries (from table XXII).

Counlry

USA (New York) , .............••.•
UK .
Denmark .
Fed. Rep. of Germany .....................•..
Australia .
Japan.•..................................•..

332

Year

1957-1960
1957-1960
1959-1960
1959-1960
1958-1960
1957
1958
1959

OR (fodus/molher's diel)

0.09 (0.07-0.10)
0.12 (0.11-0.13)
0.10 (0.09-0.11)
0.12 (0.11-0.12)
0.10 (0.08-0.12)
0.56
0.21
0.08



P

TABLE XXVI. ESTIMATED I'ROI'ORTIO~ALlTY FACIORS FOR THE CALCULATION OF FUTURE LEVELS
DERIVED FROM SURVEY MEASUREMENTS to 1960

Milk Vet.'ablts Slarchy rcots C.,eal.s-

Counlry Pd Pr Pd r; Pd P. Unmilltd Milled
P. P.

Argentina•......• 0.24 0.54 30
Australia ......... 0.71 1.5 1.5 18 9
Canada•......•.. 0.30 0.66 20 6
Denmark .•...... 0.23 0.8 3 0 19, 148
Germany'' ........ 0.29 0.6 1.1
Japan .•....•.... 0.23 0.3 34 (47)0
India........••.. 0.26 0.7
New Zealand ..... 0.80
Norway ......... 0.52 0.6
S. Rhodesia ••.... 0.30
USSR ......•.... Q.40 1.1 20 4
UK..•.......... 0.21 0.9 0.5 0.8 1.2 0 16 5
USA..••........ 0.27 0.7 1 0 0.8 1 25 16

Value adopted .... 0.3 0.8 1 0 20 7

"Mainly based on wheat; P, is assumed as 0.5.
b The value of Fa is assumed to be the same as in the UK.
o Rice.

TABLE XXVII. SUMMARY OF PROI'ORTIO~ALlTY FACTORS FOR PIlEDIGrING FUTURE RATIOS OF
Sr so TO Ca IN THE TOTAL DIET

P.b P,b
P. Pd (wil" mille" (with ultmilk"

Calcium" immellialt loltt-Ier,," _eal ~l'lal

tu« colttrlbuliolt .si,,,ation situatio .. ott!;lI) ott!;lI)

I and 11 .............•... 80:5:13:2 0.4 0.3.5 1.1 1.8
Ill ..... " ............... 40:20:38:2 0.6 0.6 1.9 4.7

IV .................••... 13:15:50:7 0.7 0.7 1.7 3.6

"From milk: cereals: green vegetables: starchy roots (based on potatoes). The contribution
from fish has not been taken into account since. because of dilution of Srv~ in the sea, the contribu
tion is likely to remain small.

b For calculation it has been assumed that 20 per cent of the cereal in the diet is unmiUed.

TABLE XXVIII. SOME ESTIMATES OF THE MEAN DAILY INTAKE OF CS18T IN THE TOTAL DIET

USA-1956-1957 (4Q) Canalla1959 (108)

Cs'" inlak.

I'JIo& P., "11' I'JIo& Csll1/ g 1C 1C inlak., 1'1" Per cent

37 60 35 1.0 35 55

2.9 5 1 0.78 0.8 1

0 0 0.41 0.0

2.5 3 2.5 0.47 1.0 2.0

14.7 25 67 } 0.40 21.8b 34
5

4.8 7 23 0.22 5.1 8

61.9 3.28 63.7

20 19.5

40 57

b Assuming one-fifth of the potassium is from fish.
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0.20

1.16
0.57
0.60
0.10
0.46

32
5
o

25
32

24

3.09

- Sampled on a very limited scale.

CslI7 /K total diet ...........•...•......
Whole body ·······

Milk: and milk products .
Vegetables except potatoes" .
Potatoes .....•.......•...... , .
Fruit- " ..
Meat" .
Fish"•.......•.................. ····· .
Flour and cereals" , , ....• -----------------------------

"----------_...
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TABLE XXX. CS1.87 IN MILK; INFREQUENT Oil SPOT SAMPLING

Results expressed as p.pc CSlST per g potassium

Figuresin parentheses indicatenumber of .ramples

County;)' 1957 1PSff lPSI1 1116(} 1961

Europe

Far East
Central America
S. America

> 300N

> 300N

10-200N
looN-lOoS

> lOOS

Denmark ..................•.
France .
Switzerland '" ..•.
Fed. Rep. of Germany .
Japan.....................•.
Mexico .
Colombia , .•.
Venezuela .
Brazil " •.
Chile .

54 (1)
80 (3)

39 (2)
34 (2)
77 (2)

54 (1) 39 (1)
29 (1) 74 (2)

20 (2)
6 (1) 16 (1)

1.2 (2)
26 (2) 36 (1)
66 (6) 40 (1)

50 (4)

69
69
69
23

33,69,72
69

69,72
69

71, 72
69,72

TABLE XXXI. THE CS18T CONTENT OF SOME FOODS

CslIt

CIIlt:tDr)' and I1P' Countr)' Yaar ""elk, "",I,K &/n."u

Cereal
Wheat grain .......................... Canada 1957 35- 114

1958 47- 114
Japan (widespread) 1960 265 326

1961 90 54 326
Rice (brown) .......................... Japan (Gunma) 1956 38 31 90

1957 55 44 90
1958 108 63 90
1959 63 37 90

Rice
(brown) .................•.......... Japan (widespread) 1959 14,3 139 326
(milled) ....•....................... Japan 1960 31 36 326

Barley ............................... Japan (Gunma) 1956 80 34- 90
1957 48 22 90
1958 89 35 90
1959 4,01 146 90

Rice
(boiled) ........................... .India 1959 0.3 0.2 309
(surty) ............................ .India 1959 10.4 4.9 309

Vegetables
Cabbage, etc..................•.......Japan (Gunma) 1957 13 6.0 90

1960 26 12 90
Root vegetables' .......................Japan (Gunma) 1957 18 7 90

1960 36 15 90

Meat
Beef ............................... ,. Japan (Gunma) 1960 92 32 90
Pork ................................. Japan (Gunma) 1957 98 36 90

1960 207 90 90
Beef ...•....•........•............... Norwa y 1960 180-1,760 (3) 231
Reindeer. ; ............................ Sweden 1960 24,000 276

Fish

Cuttle fish............................ Japan (Pacific) 1957 21 11 90
1960 26 28 90

Skipjack.............................. Japan (Pacific) 1957 16 9 90
1960 87 43 90

• The Csl37/ K ratio in flour is not significantly different.
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TABLE XXXII. THE CS181 CONTENT OF MAN, MEASURED BY WHOLE BODY COUNTER

Results as J.'pc CS1B1 per g potassium

The figures in parentheses indicate the number of observations

Nom. or numb"
0/counlri.s

Lal;lulU r.Pres.,,~d 1956 1957 1958 1959 1960 1961

N. America

Europe

Near East

Far East

Asia

C. America

Caribbean
S. America

Africa

Asia
Oceania

> 300N USA

Canada

> 300 N UK

Fed. Republic
of Germany

Sweden

7
11

> 200N 2
4

> 300N 2
5

Japan
o-300N 4

6
10°-300N 3

3
200N 5

< lOoN 7
5

< looN 2
2

< looN 2
< io-s 2

2

50 (279)

32 (14)

32 (4)

25 (1)

20 (2)

11 (2)

51 (294)

37 (18)

14 (2)

14( 9)

50 (1)

62 (461)
69 (576)

(July-Dec.)
51 (30)
(Dec.)

64 (2)

48 (14)

70 (22)
76 (47)
62 (1)
60 (2)
44( 2)
75 (16)

66 (3)

47 (1)
78 (1)
75 (1)

35 (5)
52 (2)

74 (280)
67 (777)

57 (20)
(Spring)
94 (4)
79 (8)
58 (30)

*48 (94)

66 (46)
73 (-)

87 (10)
83 (122)

54 (1)
64 (2)
67 (70)

42 (3)
60 (12)
99 (2)
49 (9)
60 (3)
47 (10)
49 (5)
62 (1)
45 (2)

103 (2)
54 (3)

67 (279)
51 (646)

49 (21)
(Dec.)

92 (2)
55 (1)
49 (47)

*45 (88)
63 (1566)

65 (-)
(June)

85 (9)
67 (208)
57 (2)
32 (5)

109 (1)
49 (145)

51 (2)

27 (4)
54 (5)
68 (1)

68 (1)
34 (1)

31 (245)

36 (26)

42 (807)

55 (87)

51 (43)

49 (2)

29 (31)
29 (11)

28 (1)
25 (4)

3S (1)

36 (1)

L. A.
W.R.

107, 108
117
L. A.
W.R.
274,298
104
116, 250, 253

105
276

L. A.
W.R.
L. A.
W.R.
L. A.
W.R.
278
L.A.
W.R.
L.A.
W.R.
W.R.
L. A.
W.R.
L. A.
W.R.
L.A.
L. A.
W.R.

.. Measurements made on former luminizers (female).
L.A. indicates data from the Los Alamos Scientific Labora

tory.t- 5. 71, a. Loa

W.R. from the Waiter Reed Army Institute of Research.t'v
!I0.283

TABLE XXXIII. MEAN CONCENTRATIONS OF CS181 (/l.PC/PER G POTASSIUM) IN THE HUMAN BODY AS MEASURED
BY WHOLE BODY COUNTING (from table XXXV)

The figures in parentheses indicate the number of observations

&g;on LoWud. 1956 1957 1958 1959 1960 1961

Year
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TABLE XXXIV. MEAN CONCENTRATION OF SHORT LIVED FISSION PRODUCTS
IN MILK IN THE USA, 1957-1960

Values, expressed in JJ.p.c/litre, are from 5-12 stations of the US Public Health Set'Vice2 61

31 (245)
43 (963)
49 (2)
29 (42)

26 (5)

35 (1)
36 (1)51 (2)

55 (949)
63 (1,891)
39 (7)
50 (146)
51 (2)
45 (10)

69 (1,089)
65 (302)
54 (1)
67 (72)
56 (15)
59 (14)
48 (15)
51 (3)
74 (5)

65 (1,069)
69 (83)
61 (3)
71 (18)
66 (3)
66 (3)
35 (5)
52 (2)

80 250
15 40

Not detectable
--- Not detectable

14 (2)
14 (9)

50 (1)

51 (294)
37 (18)

50 (279)
32 (18)

25 (1)
16 (4)

>20°5

>300N

>300N

>300N

>300N

<300N

<looN

1957 (second half). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
1958 , .. " , . •. .. 50
1959....... .. .. .. . 20
1960 , , , , .

North America .
Europe .
Near East .
Far East .
Asia .
Central America .
South America .
Africa .
Oceania .
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ANNEX F

ENVIRONMENTAL CONTAMINATION (continued)

PART III

Exposure data
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I. Introduction

1. The purpose of this section of the annex is to esti
mate the average doses of radiation received by the
world population from fall-out.

2. Fall-out materials deposited on the ground are an
external source of exposure to man. In addition to this,
some radio-nuclides are taken into the body and become
an internal source of radiation. Information on these
two sources has been given in parts I and II of the
present annex. To determine the average radiation dose
received, a considerable amount of dosimetric and demo
graphic data is also required.

3. This section of the annex presents "dose commit
ments"-the total doses which will be received by man
kind in all generations (H 15-21)-from given periods
of weapon testing. In addition, that fraction of the dose
commitment that will be reached by the year 2000 is
also given. The calculations have been based on the fact
that testing was carried out from 1954-1958, and was
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resumed in 1961, at an assumed constant annual rate of
injection of 1 Mc of Sr9 0 and 1028 atoms of CB. On that
basis, calculations have been made for tests up to the
end of 1960 and up to the end of 1961, as well as for
continued testing. Since the doses are necessarily based
on many assumptions, they must be considered as esti
mates rather than precise determinations.

n. External exposure

WORLD AVERAGES OF FALL-OUT DEPOSIT

4. The average fall-out deposit per square km of the
surface of the earth, Fd, is obtained by integrating the
local values of fall-out, F d, over the total surface of the
earth, So, i.e.: - 11F d = - FddS

So
8.

In order to get a measure of the mean effect of the global



fall-out, a population weighted average fall-out can be
defined as

G F = fso NFddS
d fa. NdS

where N is the population density, and G is called "the
mean geographical factor" (figure 1) .

._. 1959

....... 1960

5. The values of the population weighted mean world
geographical factor have risen from 1.6 to 1.9 in the
years 1955-1960 owing to changes in the pattern of
fall-out. It is therefore possible to use measurements
in certain latitudes where Fd/~ is equal to about 1.9 to
estimate the doses to the average member of the world
population. This avoids the problem of attempting a
total summation over the world's surface when insuffi
cient data are available.

METHODS OF DOSE ESTIMATION

6. Various methods have been used to estimate the
dose in air in the open from which the dose in specific
organs of the body may be deduced. These may be
summarized as :

(a) Direct measurements using ionization chambers
and counters mounted about 1 metre above the ground;

(b) Indirect methods based on the determination of
the radio-active fall-out products in soil either by gamma
ray speetroscopy or by chemical analysis. The CWDU

lative deposition may also be deduced through similar
analyses of fission products in rainfall, making allow
ance for radio-active decay;

(c) Calculations based on the :fission product yields
of nuclides and assumed residence times (paras. 12 and
13).

For both (b) and (c) above, one requires information re
garding the dose from infinite plane sources of nuclides,
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5

(1)

noted may be due to dry deposition of fall-out or to non
uniformity of site drainage.

9. To derive the values reported in figure 2b it is
necessary to deduce the dose-rate of the particular
gamma-emitting radio-isotopes when they are uni
formly spread on an infinite plane in the concentra
tions derived by gamma-spectroscopyor other methods.
These are based on calculations by several workers.15•20

The dose-rate in air due to a deposit FJ(t) of a certain
gamma-emitting radio-isotope (j) spread uniformly on
an infinite plane, can be considered as being governed
by the relation:

an, B l()(It = k, lFd t mradz'y

where

dZ l = dose-rate in air from thedeposit FJ(t) (mrad/y)

k, = dose-rate from primary radiation
(mrad/y/mc/km2

)

B, = ratio of total/primary radiation dose-rate
(build-up factor)

FJ(t) = deposit of isotope j (me/km")

The constants k j and Bj have been considered for each
of the important radio-nuclides and quite a wide range
of values has been reported (table I). The values in
columns 4 and 5 do not include the factor B, and the
values in column 6 have been chosen taking this into
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Direct determination

7. The most comprehensive survey has been carried
out in Sweden': 2 where high pressure ionization cham
bers have registered dose-rates from fission products
since 1951. Measurements have also been made else
where'r" using high pressure ionization chambers, geiger
counters and plastic scintillators, respectively. These
measurements are shown in figure 2a. The rapid fall in
the Japanese measurements in 1959 indicates that these
high levels were due to short-lived products.

allowing for the scatter and absorption in the air and
soil, and the relevant calculations of these are given in
paragraphs 9-11.

1

2

3

4

years

Figur, Zb. Indirect measurements-external dose measurements (lO() mradjy = 11.4/£radjhr)

1950

Indirect methods

8. Many measurementsv-" using gamma-ray spec
troscopy or chemical analysis have been reported and
are shown in figure 2b. A comparison of figures 2a and
2b shows that there is reasonable agreement between
direct and indirect estimates for the years 1954-1961.
The Swedish. data':" are lower than the others, as the
measurements are made at a latitude higher than that
of the peak shown in figure 1. Pearson and Salmon-"
have shown that calculations based on the cumulative
deposition in rainfall of CS1 S7 and 2r9 5 + Nb9 5 give re
sults which are 70 per cent of those obtained using
gamma-ray spectroscopy of soil, and other calculations
on the same data show closer agreement." The difference
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FACTORS AFFECTING DOSE TO TISSUES

14. The doses reported so far give the external dose
rates measured in air. To estimate the actual doses that
have been received or will be received by individuals, the
following factors must be taken into con~deration.

(c) The gamma-ray energy as well as the half-life
of the particular isotope. The energy will also determine
the relative importance of products present in the deeper
soil layers since the greater the energy the less the absorp
tion within the soil;

(d) The latitudinal variation of fall-out. The dis
tribution of fall-out from the troposphere is not the same
as that from the stratosphere (F I, 53).

13. To illustrate these effects on the dose at ground
level, theoretical calculations of the dose-rates from
various nucIidesat equilibrium have been carried out
for various atmospheric residence times. The yields given
by Katcoff" for fast neutron fission of U 38 8 have been
assumed and the calculations are based on a constant
fall-out rate of SrDO of 2 me per km2/y which is approxi
mately the world average over the surface of the earth
for 1959. Assuming further that the rate of deposition of
CS181 is 1.7 times higher than that of Srllo (F I, 81) and
that the geographical factor is 1.9, this leads to a world
population weighted mean fall-out rate of CS18 T in 1959
of approximately 6 me per km 2jy. Table II gives the
dose-rates in air which would arise from various nucIides
if this fall-out rate continued until equilibrium condi
tions are set up on the ground. It will be seen that the
shorter the atmospheric residence time the higher the
dose-rate because of the effect of the short-lived products,
especially ZrD5 + Nb'", Concentrations equal to 90 per
cent of the equilibrium value will be reached in about one
year or so for most of these short-lived products, whereas
the equilibrium for CS1 87 would only be reached after
33 or 100 years, depending on the assumption made as
to the effective half-life of Cs18 T on the ground.

o. ~
02345678910

Meon limein'he o'mosphere, years

Figure 3. Theoretical relative 3D-year doses for
(short-lived fission products)/cesium-137

Weathering

15. Some of the fall-out material on the surface of
the earth is transferred by rain into lower layers of soil
and also washed off hard surfaces such as roads and
pavements. Measurements made in the United King-

account. The variations in the values are due to: (a) the
variation of the gamma-ray spectrum used in deriving
the values for each nuclide; (b) the values of the build
up factor and the methods of applying them; and (c)
the assumption made as to whether ZrD5 and its daughter
product Nb D5 are in secular equilibrium on the ground,
or in a state of transient equilibrium.

10. The determination of the build-up factor which
should be used for each particular isotope has been based
mainly on the work of Goldstein et al.21 However, cer
tain experimental investigatio?s have been c~rr~ed ~)Ut
using CSU 7 and C0 6D.2 2, 28 Davis'" compared scintillation
counter measurements made about 1 m from the ground
with the theoretically derived dose-rates after correcting
for air absorption and build-up. The experimental values
were 6 and 16 per cent lower than the theoretically
derived values for CS1 S7 and C060 respectively. The varia
tion of the build-up factor with altitude was also meas
ured and gave values at 1 m from the ground, extrapo
lated from about 100m, of 0.8, 1.4and 2.4 for 1181, CS1 8 7

and C0 6 0 respectively. Solon" obtained a value of 1.25
for C06 0 from sources on the surface. Values of back
scatter from a broad beam from infinite sources of the
order of 20 per cent for radiation in the range 0.4-1
MeV have been computed.w '"

11. Lindell'" quotes a figure of build-up factor of 2
for CS1 ST but this and other estimates are apparently all
based on a homogeneous medium, and do not take into
account the change of medium from earth to air. Itwould
seem that the value of 2 used by some workers for the
build-up factor may be an over-estimate when fall-out
penetrates into the upper layers of the earth's surface.
However, Gustafson" in his determinations has taken
account of both air absorption and the absorption by
the soil due to penetration of the isotopes into the upper
soil layers. The penetration of fall-out products into the
soil has been estimated on the basis of measurements
made in Chicago: 77per cent activity for a depth up to
3.8 cm, 16 per cent for 3.8-7.6 cm and 7 per cent for
7.6-11.4 cm. Gustafson's method has been used to
obtain the values for Sb1 25, p81 and BaB o + La14 0 given
in table 1. The constants given in table I are calculated
for a height above the ground equal to 1 m. The dose-rate
changes little with height, being about 15 per cent higher
at 0.5 m than at 1 m from the ground."
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Theoretical calculations of the total external' dose

12. From the values of table I and the concentrations
of individual nuc1ides on the ground the dose-rate from
each nuclide may be estimated. The relative contribu
tions to the total external dose from the nuclides present
on the ground depend upon:

(a) The fission product yield of the particular nu
clide. This may vary with both the fission element and
the neutron energy. The yields of some nuclides, espe
cially Ru106 and Sb125 may vary by a factor of up to
25 (F I, table I) ;

(b) The residence time in the atmosphere which de
termines whether any short-lived products that are
formed at the time of the explosion will contribute to
the ground level gamma-ray dose.> As has been shown
by Dunning'" (figure 3) the ratio of the dose due to
short-lived nuclides to the CS18T dose over 30 years may
vary from 10 to 0.4, depending upon whether the resi
dence time is two weeks or ten years. The dose contribu
tions are equal if the mean residence time is about 2.6
years;
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17. The shielding factors may be slightly larger for
fall-out, as the average gamma energy from fall-out is
0.7 MeVSS, 34 whilst the energy from C08 0 is 1.1-1.3
MeV. To estimate the reduction in daily dose due to
this shielding, an assumption must be made regarding the
time spent in and out of doors. According to the infor
mation given in the United Nations Demographic Year
book, 1960,a~ it is estimated that one-third of the world's
population live in urban and two-thirds in rural com
munities. Assuming that the time spent out of doors is
three and nine hours per day, respectively, a world aver
age time out of doors of 7 hours per day is obtained. A
shielding factor of 5 has been taken as the world average
value, and with an average time spent indoors of 17hours
the over-all reduction of dose due to shielding has been
taken as 0.4.

Screening by the human body
18. To obtain the doses received by different body

organs it is necessary to allow for the attenuation by
the intervening body tissues. Measurements conducted
by Spiers'" using sources over a 3'11' geometry gave values
as in table IV. This shows the screening factors to
marrow, testes, and ovary for different energies of radia
tion. The factors agreed well with those theoretically
derived by O'Brien." The values of the screening factor
for the gonads and bone marrow given in table IV are
sufficiently similar for the mean el1,ergy of fission prod
ucts of 0.7 MeV to justify applying an average value of
0.6 both to gonads and to bone marrow.

Combined shielding and screening factors
19. The combined effect of shielding and screening

therefore produces a dose reduction factor of 0.2 which

11
M!'y 1961

Figure 4b. Variations of the dose-rate during the
melting of the snow layer
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Figure 4a. Variations of the dose-rate during the
falling of the snow
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dom14 showed that the slow penetration of CS1031 into
undisturbed soil reduced the external dose-rate by 20 to
30 per cent over four to five years; thus the external
dose-rate decreased with an effective half-life of about
ten years. Agricultural procedures which cause fission
products to become uniformly mixed in the first 20 to 30
cm of soil will cause a considerable reduction in the total
external dose from Cs m but the dose will subsequently
decrease with the 3D-year half-life of the nuclide. The
attenuation of the external exposure due to cultivation
is not however taken into account in this assessment.
The effect of weathering will not be so important in the
case of the short-lived fission products which will have
decayed before any appreciable penetration into the soil.
Snow will 'reduce the dose-rate of external radiation,
and measurements carried out by Sievert" are shown in
figure 4. Calculations of this effect have also been carried
out. 11I•

28

Shielding by building structures

16. External radiation is absorbed by building ma
terials, and therefore doses received inside buildings will
be less than those outside. This dose reduction factor
has been estimated by making measurements in many
different places inside buildings, whilst a Co<lO source was
passed through a continuous polythene tube laid over the
roof of and ground adjacent to several different types
of buildings.29- s 1 Fixed arrays of cobalt and caesium
sources have also been used.> Table IH shows the wide
range of shielding factors which have been experi
mentally derived and indicate the importance of the
contribution to the dose on the top floor of a building
due to the fall-out products on the roof.

13
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will be used to convert air doses to doses to the gonads
and to the bone marrow. The value of 0.2 may be con
sidered as a world average, and it must be emphasized
that a wide range of values up to the maximum of 0.6
would obtain in particular countries, dep~nding on the
types of dwelling houses and the average time spent out
of doors.

DOSES DUE TO EXTERNAL SOURCES

20. Comparison of published reports on ~oses is
difficult owing to differing methods of calculation. The
dose and dose-rate from fall-out have been given either
from the total deposition on the ground or from .the
portion which has fallen out during a fixed period,
ignoring past depositions.

21. The doses reported in the following sectio,ns a.re
the population world average doses measured m air,
and after presenting these the tissue doses will be derived
by applying the shielding and screening factor of 0.2.

Total external dose in air received from testing
from 1954 to August 1961

22. The measurements of the total external dose in
Sweden and the United Kingdom given in figure 2a
have been used to derive a population weighted external
dose during this period. Graphical integration of these
curves gives total air doses of 46 and 68 mrad respe~
tively. These measurements were taken for areas 111

which the values for F.JFd were approximately 1.5 and
1.9 for Sweden and the United Kingdom respectively.
The mean population weighted external dose in air (for
G = 1.9) is therefore 63 mrad during this period. The
total dose to the gonads and bone marrow during this
period is therefore 13 mrem.

Total external dose commitment from testing up to
the end of 1960 and the end of 1961

23. This estimate is made in two parts-the contribu
tion from CS1 87 and from short-lived products.

(a) Caesium 187 • The estimate of ground level con
centration of CS187 may be deduced from annex F,
part I, figure 37, which shows the total Sroo deposit on
the ground,* by using a relative yield factor for CSU 7

of 1.7 and a geographical factor of 1.9. The air dose
received up to the end of 1960 from CS1S7 is therefore
10 mrad. Assuming an effective half-life of 10 years for
CSU 7 on the ground, the air dose received by mankind
over all generations would be 80 and 92 mrad for testing
ending in 1960 and 1961 respectively. The dose com
mitment for the gonads and bone marrow would there
fore be 16 and 18 mrem for tests ending 1960 and 1961
respectively, and 92 and 94 per cent of these dose com
mitments would have been received by the year 2000.

(b) Short-lived products. It has been shown that the
air dose up to August 1961 was 63 mrad and that CS1 87

contributed 10 mrad, therefore it may be assumed that
the dose commitment from short-lived products is 53 X
0.2 = 10.6 r-' 11 mrem for testing up to the end of 1960.
The dose from short-lived products may be approxi
mately calculated for further testing by using the ratios
of the yields of Sr90

• Therefore the short-lived con
tribution due to testing up to the end of 1961, when
according to the proposed model a further 1 Me of Sr90

had been injected, would be 10.6 X 7.6/6.6 ~ 12 mrem.

*The SrllO deposits have been estimated for a partial area of
the earth of 471 X 106 sq km. F I, table XIV.
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Combining the dose commitments ~rom CS1 87 and s:
lived products, the total dose commitment due to ext.
radiation would be 27 mrem and 30 mrern for te
ending 1960 and 1961 respectively.

Total external dose commitment which would b
received under conditions of continued testing

24. (a) Caesium187• From the continued testing
ditions postulated in F I, 110 of 1 Mc SrllO injectet
year and allowing for an effective half-life of 10 J
for CS1 87 on the ground, an equilibrium deposit 01

ground would exist when the fall-out rate of CS187 er
the effective rate of' removal of CsU7 from the S1

tidal layer of the ground, i.e,
F r = (J.' + X) F d (00)

where
J.' = effective weathering constant
A = radio-active transformation constant
F d (00) = fall-out deposit averaged over the surfa

the earth

. 4 .693 F ( )i.e. 3. = 10 d 00

Therefore F d (co) = 49 me/km-

Assuming that the geographical factor is 1.9 and
the external dose rate from 1 me/km" of CS187 is
mradjy, the air dose-rate would be 11 mrad/y, TI
fore the dose commitment due to one year's testing w
be 2.2 mrem (H 48).

(b) Short-lived products. The dose commitmer
10.6 mrem has been received (paragraph 23) fron
injection of 6.6 Me Sr"? and therefore the annual il
tion of 1 Me Sr90 will give a dose commitment o:
mrem from short-lived external deposit. No weathe
factor needs to be used.

25. Therefore the total dose commitment from
ternal radiation per year of testing is 3.8 mrem. It sh
be noted that the dose from short-lived product
received in the immediately following years whereai
dose from CS1 8 7 will extend over many years (table

m. Internal exposure

26. Three types of internal exposure must be
sidered:

{a) Ingested radio-nuclides which are absorbed j
the gastro-intestinal tract. The important fission proc
from this viewpoint are Sr90 and CS1 S7 and the sl
lived radio-nuclides Sr89 , BaH O and IUl. The manru
which they are absorbed and retained in the body is
cussed in annex F, part H, paragraphs 2, 9-12, 3:
130-132, 153-154. In addition to fission products,
neutron induced radio-nuc1ides CH and H8 must be
sidered, although the latter is of less importance j

(b) Ingested radio-nuclides in passage througb
gastro-intestinal tract. These comprise those rs
nuc1ides which are either not, or only partially, absor
and which cause irradiation of the mucosal linin
the GI tract; .

(c) Inhaled radio-active particles. These will be
posited, depending on their size, into the upper or k
portions of the lungs where, if they are not rem
by exhalation or ciliary action, they will irradiate
lung tissue and particularly those cells in the imme
neighbourhood.
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Figure 6. The dose increment factor F,,(1t) for
an expected life span of 70 years, as a function
of age of uptake,

(a) Extreme case of instantaneous equilibrium
between bone and environmental Sr90 , with
infinite turnover constant.

(b) Biological half life for Sr and Ca assumed
to be 7 years (ks r = D.l/year).

Cc) Biological half life for Sr and Ca assumed
to be 50 years (ksr=O.014/year). Note the
increasing importance of uptake and rete~

tion in childhood, and the reduced uptake 111
the adult.

(d) Essentially no Sr and Ca turn-over. Uptake
only during bone growth in childhood.

of the marrow cavity and of the bone trabeculae. When
the thicknesses of the trabeculae are less than the range
of the f3 particles, electronic equilibrium conditions with
in the bone will not exist. The mean size of the marrow
cavities in different bones varies, depending on the site,
between 400-700 p.with maximum sizes as large as 1~m
in the vertebral bodies.s" Table VI shows the companson
of bone marrow doses to bone doses for a 500 p. marrow
cavity and three different trabeculae thicknesses, For
Sr"? + yao the mean value of the ratio bone marrow
dose: compact bone dose for this size of marrow space
is taken as 0.25, and the dose to bone marrow from 1 p.p.c
Sr90/g calcium is taken as 0.7 rnrem/y,

M ethod-of estimation of mean population dose
30. Methods of estimation of the mean population

dose due to long-term ingestion of Sr90 have been .re
ported.HI, 28, 47,48 The estima~ion of mean pop~latlOn

weighted dos:s to th~ above bss.ues has. been carried out
on the followmg basis, The major portion of the stron
tium is laid down during the growth years 0-20 and once
deposited remains fixed after about the age of 2, except
for the turnover of l-lO%/y due to ~xchange pro~esses

and bone resorption (F Il, 81). Sr90 mcorporated m the
early years will therefore decay, leading ~o a tot~ dose
lower than if a constant new bone activity during the
whole of the life is assumed. A factor F, called the dose
increment factor is introduced to take into account the
rate of bone acc;etion and the radio-active decay of the
nuclide. The factor F for Sr90 has been derived. by
Lindell," and figure 6 shows the val1!es for various
conditions of bone growth and resorption. A value of
F = 0.6 is used in this report for Sr90

, representing the
average value of the resorptior; ra~e~. Therefore ~he bone
dose actually received by an individual over h1S whole
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Bjornersledt, Clemedson and N elson,~o the dotted lines the
data of Libby45

INGESTED RADIO-NUCLIDES

27. The appropriate basis for assessing th~ exposure
of populations is discussed in annex H. 1>:- linear do~e

relationship is assumed; thus the mean tissue dose ~s

used for estimating the risk to the population. On this
basis the variation between individuals need not be con
sidered. However, this would become important if a
threshold concept were accepted." Information on vari
ability in intakes of Sr 90 and CS1S 1 is given in annex F,
part rr, paragraphs 51-61. The :pro~lemsassociated ~ith

long-term .rete~tion and distnbutIOn. of. bone-seeICl?-g
radio-nuclides In the skeleton, and with inhomogeneity
of dose in individual bones are discussed in annex H.
Observed variations in the concentration of Sr90 with
age and in individual bones of the adult skeleton are
described in annex F, part Il, paragraphs 82-84.

Strontium-90

Concentrations in diet and bone
28. The data available up to the present time on the

concentration of Sr90 in bone in children up to four years
of age (F Il, 80-89, tables XX, XXI) have been taken to
represent the concentration in new bone in the population.
It has been shown (F Il, 31-36, 90, 91, table XXIV)
that the ratio of Sr9 0 to calcium in this bone is about
one quarter of that in diet. The OR (bone!di~t) i~ there
fore taken as 0.25. Hence future concentrations 10 new
bone can be derived from the predicted levels in diet
(F Il, 103-107, 120, 121) which have been calculated
from the models described previously (F I, 110) .

Dose from Sr" in bone
29. Several theoretical estimations of the dose received

in bone and bone marrow from 1 p.p.c of Sroo per gram
of calcium have been reported.P'"?" These show that the
dose to compact bone is about 2.7 mrem/y..The dos~
rate at various distances from bone surfaces IS shown 10

figure S. For the purpose of the estimation of the f3. dose
to cells lining bone surfaces it has been assumed m the
present report that the f3 dose received is one hal~ of the
f3 dose within bone. The estimation ~f the dose lll.b?ne
marrow cavities due to the incorporation of a {3-emIttl?g
nuclide in the surrounding bone is complex. The energies
of the f3 particles are distributed over a broad spectrum,
and for each energy a specific range in bone and !n soft
tissues or a combination of the two must be considered,
The dose to the bone marrow also depends on the size
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lifetime assuming a constant contamination, may be
deduced from the following expression which also gives
the dose commitment from any given pattern of con
tamination.

The composite population 'Yeigh~ed ~iet and the cor
responding bone concentrations In different years are
given in figure 7.

10

. 1J.850

t95Q 1960 1970 1980 !PlO ~ooo I!qolIlbrlllm n1uo

Figure 7. Population weighted concentrations of Sr90 in diet and
bone for testing up to the end of 1960and to the end of 1961

X Measured Srao in the bones of children
0-4years old (F 11, table XX)

34. The dose commitments to bone cells, to cells lining
bone surfaces, and to the bone marrow, have been cal
culated using formula (2) and the graphically integrated
curve of bone concentration given in figure 7. When com
bined with the contribution to the dose commitment de- I

rived from measured data up to 1960 (para. 32), the
dose commitments to bone cells, cells lining bone surfaces <

and bone marrow are 133, 67, and 33 respectively, for
testing up to the end of 1960. The dose commitments
are 158, 79, and 40, respectively, for testing carried out
up to the end of 1961 at the assumed rate. By the year
2000 some 91 and 92 per cent of the dose commitment
would have been reached for tests ending in 1960 and
1961 respectively.

Dose commitment from Sy90 which would be received
underconditions of continued testing
35. The population weighted world average concen

tration in diet and bone resulting from continued testing
has been calculated from the predicted levels in the
three approximate model diets using the method de
scribed previously, and is given in figure 7.

36. The dose commitment from one year of testing
to bone cells, to cells lining bone surfaces, and to the
bone marrow would be 21, 11 and 5 mrem, respectively.
The dose commitments from Sr 90 for the three conditions
of testing are summarized in table XI.

Cs137 in whole body and bone

37. The biological half-life of Csm is four months,
and therefore the body will reach an equilibrium with
the diet after a few months' delay. The distribution is
reasonably uniform throughout the whole of the soft
tissues, but a slightly higher concentration in bone has
been observed (F n, 130-133, 140-145). Dose estimates
are therefore required both for the gonad dose and for
the bone and bone marrow dose. Measurements'" of the
content of CS1 S7 in specimens from 114 subjects have
shown a ratio of 2.2 between bone (including marrow)
and muscle. This higher concentration of CS181 in bone
leads to a bone marrow dose 30 per cent hig.her than soft
tissue doses if the same model of marrow cavity size
as in paragraph 29 is used. The difference in concentra
tion, however, has not been confirmed in other reports.

(2)n, = F'Y f: c(t) dt

354

where
D t = total dose in mrem
F = dose increment factor (assumed average value 0.6)
'Y = dose-rate for unit concentration (2.7 mremjy j

p.p.c Sroo/g Ca to bone, 0.7 mrem/y/p.p.c SrllO

Ig Ca to bone marrow)
c(t) = Ratio Sroo/Ca in the salts entering bone (p.p.c

SrllVg Ca, assumed equal to 0.25 X diet con
centration)

31. Estimates of doses from Sroo are based on data
to be found in other sections of this annex. The total
depositions and fall-out rates arising after various
periods of testing are shown in annex F, par~ I, figures
37 and 38 respectively. The levels of Sroo III bone III

the years 1954-1960 are reported in annex F, part H,
tables XX and XXIV. Future concentration in the three
types of diet and in bone are given in annex F, part Il,
paragraph 121, and are based on the proportionality
factors given in annex F, part Il, table XXVII, and the
future levels of Sr90 fall-out rate and deposit, assuming
that for the latter there will be a 2%/y reduction due
to the effects of weathering and agricultural procedures
and to the removal of strontium from the soil by crops
(F n, 120).

Dose commitment from Sy90 due to testing carried out
up to the end of 1960and the endof 1961

32. The bone dose received up to August 1961 has
been estimated on the basis of the population weighted
average values of the Sr 90 to calcium ratio in the bones
of children up to four years of age for each year from
1959-1960. These values have been calculated from the
data of annex F, part Il, table XX, and are given in
table VII. Allowance has been made for the number of
samples and the populations represented. The approxi
mate nature of these values, in view of the large popu
lations unrepresented, or represented by very few values,
must however be recognized. The contribution to the
dose commitment-formula (2)-received by bone cells
is 12 mrem, by cells lining bone surfaces 6 mrem, and
by the bone marrow 3 mrem.

33. Future levels of Sr90 in the approximate model
diets are given in annex F, part Il, paragraph 120, for
tests up to 1960 and 1961. From these a world average
concentration has been obtained by weighting the values
for each diet by population and geographical distribution,
assuming that the latitudinal distribution of fall-out will
repeat the pattern observed so far. The diet types for
populations and the F~ ratios used are shown in
table VIII. Obviously some gross assumptions have had
to be made in view of the lack of more exact information,
but it may be noted that the values of concentration
calculated for different diets do not differ by more than
a factor of 2 (F Il, figure 6). The population weighted
average diet is derived by adding together for each diet
the values obtained by the following formula:

~ NI X Fdj~ C ..
~ NI oncentration Diet

where NI is population given in table VIII, column 3,
and Fd/Fd, given in column 4, is defined in paragraph 4.



(3)

(5)

paragraph 82. The average dose to the whole body is
1.06 mrem/y, and, as a consequence of their different
carbon contents, the dose to bone is 1.64 mrem/y and
that to soft tissue 0.71 mrernyy. Therefore the dose pro
duced by a known amount of Cl' formed during weapon
testing may be estimated by direct comparison with the
rates of production of naturally occurring Cl' and with
the resulting doses.v- 51-5<& The dose commitment, which
may be estimated with reasonable accuracy this way,
will be received over many generations, as the mean life
of CH is 8,000 years, but estimates of the dose to this
generation necessitate the use of the limited data de
scribed in annex F, part I, paragraph 118, regarding
the distribution of CU in nature.

Therefore the dose in a given time t may be obtained
by integration

43. The dose-rate r from Nr atoms of artificially pro
duced C14 in reservoir I (i.e., the atmosphere and surface
waters of the ocean) therefore will be

r = r o NI = roQ f(t)
N10 N ro

where

r 0 = annual dose from naturally occurring CH

N I o = number of CH atoms in reservoir I
= 86 X 1027 atoms CU

Q = number of atoms formed

f(t) = distribution of C14 into the other CH reservoirs
with time

n, = !N~I lf
(t) dt (4)

nf(t) dt is expressed algebraically in F I, 118, on the
basis of the observed distribution of Cl' in
nature.

Dose commitment from CJ~ due to testing up to' the end
of 1960 and the end of 1961

44. The total CU formed by weapon testing up to
August 1961 is estimated as 22 X 1027 atoms (F I, table
XVII). Therefore the dose commitment may be calcu
lated from the naturally occurring CH formation rate
and consequent dose-rates. Using the symbols given in
paragraph 43

38. The dose calculations may be carried out in terms
of the dose-rate from 1 JLIJ-C CS1 8 7/ gof soft tissue or that
from 1 IJ-JLc CS187/ g of potassium. Values have been re
ported for the former in the range 7.3-11 mremj19, 28,80

and a mean value of 10 mrem/y will be used in the
present report. The differences between these figures are
due to the method of calculation of the gamma-ray con
tribution to the body dose. The dose-rates to bone cells
and to bone marrow are therefore 22 and 13 mrem./y on
the basis of the measurements reported" and the dose to
cells lining bone surfaces has been taken as 18 rnrem/y.
Since there are about 140 g of potassium in a 70 kg man,
1 p.IJ-C Cs1B7/ g potassium will deliver 0.044, 0.036 and
0.026 mrem/y to bone cells, cells lining bone surfaces
and bone marrow respectively.

D =r Q
co 0 fJ

where f3 = 3.22 X 102 6 atoms CU/y. Therefore the dose
commitment due to testing up to the end of 1960 to the
bone cells, cells lining bone surfaces, bone marrow and
gonads is 111, 80, 48 and 48 mrem respectively. Simi
larly, the dose commitment due to testing to the end of
1961 when, according to the model, a further 1028 Cu

atoms have been injected, would be 162, 116, 70 and
CU in whole body 70 mrem respectively to the same tissues. The portion

of the dose commitment received in any period of time
42. The natural rate of formation of CH is 3.22 X 1026 may be estimated by using formula (4). It is shown in

atoms CH/y. The radiation doses to tissues from nat- annex F, part I, paragraph 118, that for an injection of
urally occurring CH in nature are given in annex E, 22 X 1021 atoms this equation is as follows:

D* = 0.25 r , [*(0.96 e-o·02o~t+ 0.04 e-O,OOOl25t) dt= 11.4 r o (1 - e~·020gt) + 79 r o (1 - e~·00012&t) (6)

This expression can only be expected to give approxi- of the transport of the C1~ in the atmosphere ~nd oc.eans.
nate values, as it is based on a highly simplified model The gonad dose gIven by formula (6), which will be

Dose commitment from internal exposure to CS187 due to
testing up to the elzdof 1960 and the end of 1961

39. The mean value of the whole body measurements
for the years 1958-1960 was 60 IJ-JLCCS1 87/ g K (F n, table
XXXIII). Assuming that this level had been maintained
for five years, the contribution to the dose commitment
to bone cells, cells lining bone surfaces, bone marrow,
and to the gonads are 13, 11, 8 and 6 mrem respectively.

40. With a discontinuation of the tests, the levels of
CS187 in the body would be expected to decline in a man
ner similar to that observed in late 1959 and in 1960
(F H, 146-149). Byextrapolation from the data in annex
F, part Il, figure 8, it can be estimated that the concen
tration of CS187 in the body will be reduced to one-tenth
in about 3 years after the cessation of tests. This cor
responds to an effective mean life of CS187 of 1,4 years.
Therefore the dose commitment from CS1 8 7 for testing
up to the end of 1960 was 17, 14, 10 and 8 mrem for
bone cells, cells lining bone surfaces, bone marrow and
gonads, respectively. The dose commitment from testing
up to the end of 1961 may be estimated by adding the
dose commitment from one year of testing to these
values (para. 41).

Dose commitment from internal exposure to Cs'" under
conditions of continued testing

41. In annex F, part H, paragraph 150, limits have
been set to the magnitude of the resultant internal radia
tion dose in relation to the external dose from this
nuclide. The dose commitment for internal C S187 from
one year of testing is assumed to be equal to

Cs137 deposit at equilibrium
Internal Cs187 dose 1959 X Cs137 deposit 1959

The dose commitment from one year of testing is there
fore 6.6, 5.3, 3.9, 3.1 mrem for bone cells, cells lining
bone surfaces, bone marrow and gonads.
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Sr8 9 in bone

51. Because the metabolism of SrB9is the same as that
of Sr90, the radiation dose from Sr89 can be estimated
from that for Sr90 on the basis of the ratio of the two
nuc1ides in diet and the relative magnitude of the tissue
doses caused by the ingestion of 1 p.c of eachnuclide.

52. The radiation dose-rate from 1 p.p.c SrBD/g Ca '
maintained in bone is 1.5 mremyy and 0.33 mrem/y to
bone marrow. This latter value is interpolated from the
data given by Bjornerstedt-" who showed that for a 0.5 '
MeV /i-emitter the average dose to bone marrow is
17 per cent of the dose to bone, whilst for Sroo+yoo
it is 25 per cent (para. 29). The mean dose increment
factor F for Sr89 is .005.

53. During the years 1955-1960 the mean concentra.
tion of Sr90 in bone was 1.3 p.p.c/g Ca and the average
world concentration of Sr89 in rainfall was about ten
times that of Sr90.68 The Sr89/SrOO ratio in milk meas
ured in the United Kingdom, Canada and the United
States during 1958 showed that the activity in milk
approached half of that in rain.64 Assuming the level in
milk corresponds to that in diet type I, and that thecon.
centration in bone depends mainly on the rate of fall-out,
the total dose can be calculated from formula (2) (para,
30) for the years 1954-1960 in which 6.6 Mc Sroo were
injected into the stratosphere. The resulting population
weighted dose to bone due to Sr89 from an injection of
1 Mc Sr90would be 0.05 mrem and that to bonemarrow
0.01 mrem. These values represent the dose commitment
from Sr89 since the total dose from this isotope is re
ceived in one year. They are less than 1 per centof the
dose commitment from Sr90.

54. There are very few data on the Sr80/SrOO ratio in
bone. A series of United Kingdom measurements for
the latter half of 1957 showed an average value of 2.3
for post-mortem specimens from some 60 children in
age range 0-4 years." At the time of death the resulting
dose-rate from Sr89 in this bone was therefore approxi
mately equal to that from Sr90. In view of the ratios of
their half-lives the dose commitment for Sr8Dwould
thus be less than 1 per cent of that for Sr", This is in
reasonable conformity with the dietary estimates given
in the previous paragraph.

Ba14 0 and La140 in bone

55. Since the metabolism of barium is very similar
to that of strontium, the dose to bone from Ba140and
LaH O can be considered in the manner adopted for 5r89
in paragraph 53. The fission yields of Ba140and Sr89are
very similar, although the disintegration energy of
Ba140 + La140 is about twice that of Sr89. However, the
uptake of barium from the GI tract both in the cow and
in man is much smaller than that for strontium andthe
shorter half-life will make for greater decaybefore its
entry into diet.61,62 On account of these considerations,
the dose commitment from Ba140+ LaW is much
smaller than that from Sr80and is accordingly neglected.

[HI in thyroid

56. Measurable levels of p81 have been found in the
thyroid glands of man and animals soon after the de
tonation of nuclear weapolls.66-70 p81 enters the body
mainly in fresh foods; milk is the predominant ~ource
in many areas. As a result of tests conducted In 0e
autumn of 1961, the average concentrations in ll,1il~
produced in the United Kingdom? and the Unite
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received by the year 2000, is 5 mrem, i.e., 10 per cent of
the dose commitment.

Dose commitment from C1 4 due to continued testing

45. Under conditions of continued testing it is as
sumed in annex F, part I, paragraph 119, ~~t 1~28 CH
atoms are injected annually. From one such injection the
dose commitment is 51, 37, 22, 22 mremto the bone cells,
cells lining bone surfaces, bone marrow and gonads r~
spectively. Only 10 per cent of this dose however will
be received in the next fifty years.

Reduction of dose from C14 due to combustion of fuels

46. The increasing combustion of. fo~silized fu~ls,

such as oil and coal, results m a reduction m the sp~c!fic
activity of the CH in the atmosphere due to the addition
of "C'<free" carbon dioxide, This effect is called the
Suess effect and is described in annex F, part I, para
graph 68.

47. According to Suess'" the ,average rate of combu~
tion of these fuels since 1950 IS 82 X 1011 kg/y. This
rate is increasing with a doubling time of 20 years so
that by the year 2000 the rate may be 5-6 times higher.

48. The total CO2 content of the atmosphere is 21 X
lOa kg, and, since the start of industrial coal ~ol?bus

tion, some 14 per cent o~ this amount ~as been lllJe~te.d
into the atmosphere. With the above input rates It IS
estimated that the total amount of carbon added by the
year 2000 will be 50 per cent of the atmospheric reser
voir. The average residence time given by Suess for a
carbon atom in the atmosphere is only 10 years before
it is transferred to the ocean. Therefore the present de
crease in specific activity of the atmosphere due to this
cause is only about 2 per cent which corresponds to a
total input of 14 per cent. By integration, it is calculated
that the decrease in specie activity by the year 2000
will be about 6 per cent corresponding to the 50 per cent
total input. This effect would therefore cause a corre
sponding reduction in the gonad doses from 0 4 which
may be received by the year 2000.

H3 in the body

49. The natural level of tritium in water is 5 X 10-18
tritium atoms per hydrogen atom, and the soft tissue
dose corresponding to this level is 1.8 X 10-3 mrem/y,
Tritium is formed in the process of the explosion of a
fusion type weapon (F I, 18). On several occasionssince
1953, in the northern hemisphere the tropospheric con
centration of tritium in rain water 6H D has been observed
to be approximately a hundred times greater than the
normal. However, these levels are greatly reduced by
dilution in the mixed surface layers of the ocean. This
effect, as well as the relative short half-life of 12 years
and the low energy beta-radiation of tritium, accounts
for the dose levels to soft tissue being very 10wY

Short-lived isotopes

50. Consideration is given here to the doses to the
GI tract, to the lungs, as well as to the concentrations in
the body of Sr89, BaUD + LaU O and P81.60-02 These have
half-lives of 51, 12, 8 days respectively. The concentra
tions of the short-lived isotopes in milk follow the pat
tern of weapons testing (F H, 151-155) but vary depend
ing on the time involved between the explosion and con
tamination of the vegetation. The available information
on the levels of short-lived fission products in man is not
sufficient for accurate estimation of the radiation doses.
Many of the following dose calculations are based on



StatesT:, T8 were 110 and 135 }-t}-tc/l respectively over a
period of ten weeks. Thereafter the levels declined rap
idly (F II, figure 11).

57. The radiation dose to the thyroid varies greatly
depending on the age of the subject and the nature of
the diet. Because of their higher absorption of iodine
and of the smaller size of their thyroid glands infants
receive a considerably larger dose than adults from the
same intake of 1131

•
14 Furthermore, if infants are fed on

fresh milk, their intake of 1131 may exceed that of adults.
However, even in countries where milk is a major com
ponent of their diet, many children are fed largely or
entirely on prepared milk products in which the pal will
have decayed so that the exposure of their thyroid glands
is correspondingly reduced.

58. The pattern of distribution of short-lived activities
is very different from that of long-lived materials and
consideration is here confined to areas where the deposi
tion of iodine is appreciable. Moreover, the pattern of
deposition of iodine may be very different for different
conditions of explosion. For reasons explained in annex
F, part I, paragraph 37, it is assumed that the pattern
of deposition of pS1 observed in the autumn of 1961
"Will occur with each annual injection of 1 Me Sr90. This
deposition led to a mean level of 125 p.JLc/l, as averaged
over a period of ten weeks in the United States and the
United Kingdom, and this figure is used as a basis for
calculation (table IX). Children under the age of one
year who consumed O.S litre per day of fresh milk may
have received a total dose of about 170 mrem, while
adults taking half this quantity of milk have received
only 4 mrem, In some countries the intake of fresh milk
by young children appreciably exceeds the value assumed
in table IX though elsewhere their intake is considerably
lower.

Mixed fission products in the Cl tract

59. The dose to the Cl tract is determined by the
quantity of fission products entering the body by in
gestion and inhalation. No direct measurements of this
quantity are available, however. Some gamma spec
trometer measurements of faecal samples'< were carried
out in the United Kingdom in April-May 1959, which
vvas the period of highest fall-out contamination in air
in that year. The United Kingdom measurements showed
an average daily excretion of ISO JLlJoc/day in 214 g faeces
in addition to the total natural potassium activity of
577 JLlJoc/day. Allowing for there being some beta-active
nuc1ides that are not gamma-emitters, the dose-rate in the
faecal material would be about 10 JLrad/day and about
half this for the adjacent tissue in the lower large in
testine, which is the part of the Cl tract sustaining the
greatest dose. The estimated excretion of Zr9~, which is
not appreciably taken up through the Cl tract, was
10 "'}lc/day and it is noteworthy that the average inhala
tion of this isotope over the period J anuary-June 1959
was 12 JLfLc/day. During this period also the total inhala
tion averaged 100 }-tJLc/day beta activity compared with
the estimated excretion of 150 JLfLc/day of ganuna ac
tivity in the two-week period of the measurements; the
intake during this period may well have been higher
than the average.

60. The measurements suggest that the dose-rate to
the lower large intestine was less than 2 mrem/y during
this period of very high air contamination, and that the
average dose over the five-year period 1955-1959 was
less than 1 mrem per year. These calculations suggest
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that the dose to the lower large intestine from this cause
is negligible.

61. An alternative approach would be to use the fact
that during 1958-1959 in the United Kingdom less than
10 per cent of the body intake of Sr90 arose from con
tamination of water and air. If it is assumed that the
intake of strontium arising from air and water was ac
companied by mixed fission products of age greater than
one month, the dose to the GI tract can be computed by
the method of Greitz'" as about 1 mrem/y. This value
is in conformity with that derived in the previous para
graph.

ENTRY OF RADIO-ACTIVITY INTO THE BODY THROUGH
INHALATION

62. The average daily inhalation of certain fission
products in the United Kingdom during the years 1957
1960 is given in table XH and the concentration in ground
level air is presented in annex F, part 1, figures 10 and
11. The average daily amounts of Ce1H , Cea• and Zr ll 5

inhaled in March to June 1958 have been reported as
8.8,6.6 and 8.9 p.p.c respectively.76-78

63. When particles are inhaled into the lungs, some
are exhaled again, whilst of the remaining ones the larger
are mainly swallowed and ingested and the finer may be
retained within the lung tissues for considerable periods
of time. Knowledge of their movement within the lungs,
however, is very limited. Because of the small range of
f3-rays, very high doses occur in tissue in contact with
these particles. 7~

64. The average dose-rates to the lungs may be de
duced following the approach used by the lCRP.~o The
average dose to the lungs from the concentrations of
Ce14

l. , CeH 4 and Zr95 reported above would be 0.14, 2.6
and 0.7 mrern/y respectively. From the world average
concentration of Sr66in ground level air (F 1, 56) the an
nual dose-rate would be about 1 mrerrr/y. Analyses of a
number of post-mortem specimensso,sl showed in 1959
that lungs contained total activities of Zr65, Ru l OS

, Cel H

of 0.36, 0.6 and 0.02 fLP.C/g respectively. These would
give average dose-rates to the lungs of 3.2, 1.3 and .05
rnrem/y respectively.

65. A dose-rate to the lungs of 5 mremfy may occur
during periods of testing but further information is
required to obtain the average dose over prolonged
periods of time.

66. Some measurements have also been made of con
centrations in pulmonary lymph nodes.P and concentra
tions 12-64 times those of lung tissue have been re
ported."

SUMMARY OF RADIATION DOSES TO TISSUES
DUE TO FALL-OUT

67. Table XI shows the dose commitments to the pop
ulation(H 15-21) for the periods of testing 1954-1960
and 1954-1961, respectively. The values for these two
periods differ owing to the assumption made in the illus
trative model proposed in annex F, part I, paragraphs
110 and 119 that an injection of 1 Me Srsoand the forma
tion of 1028 atoms of CH occurred in the year 1961. The
fraction of the dose commitment reached by the year
2000 is also given. This fraction represents the dose
received by a particular tissue to that date plus the dose
that will be received from radio-active materials which



are already incorporated within the tissue. It excludes
however any dose due to radio-active materials in the
environment which have not yet been incorporated into
body tissues. The last column of the table gives the dose
commitments due to one year's injection according to
the proposed model. These may therefore be used as

units to derive dose commitments from a given practir
of testing when the actual injections of Sruo and forrm
tion of CHare known. The values given in the table mu
be considered as indicative rather than as accurate est
mates because of the many assumptions on which the
computation rests.

TAllLE 1. PRODUCT OF GAMMA-RAY DOSE CONSTANTS k, X B, FOR CERTAIN
RADIO-ISOTOPES BY VARIOUS WORKERS

kj X El in mradfy per mc/km'

IsotoPe
Gustafsoll' Loutit"

et al.
Mahmoud''* Col/ills""

et al.
Suggesltd

.alUe

ZrD
: ; •••••••••••••••• } 0.14"

Nb •................
ZrD5 + NbD6 .

RU103 , .0.046
Rul OO 0.019
Sb1l5 •• ;. •• • ••••• •••••• -

1111. . -
CS137 0.056
Bauo + La uo.•. . . . . . .• -
Ce1U, 0.005
CeH ' •••••••••.••••••• 0.004

0.129
0.137

(0.46)
0.091
0.031

0.11

0.008
0.009

0.082
0.085

(0.29)
0.055
0.018

0.06

0.008
0.003

0.35 0.5
0.1

0.025 0.04
0.06
0.05

0.077 0.12
0.03 + 0.13

0.01
0.008 0.01

.. Does not include contribution due to build-up factor, i.e., values are for kj only.
... Contribution due to 1 me Zr9! plus 1 me Nb".

.... Contribution due to 1 me Zr05 plus 2.4 me Nb95 (transient equilibrium conditions).

TABLE H. Am DOSE-RATES AT 1 METRE FROM GROUND FROM RADIO-NUCLIDES IN EQUILIBRIUM FOR VARIOUS
ATMOSPHERIC RESIDENCE TIMES AND CONSTANT CS137 FALL-OUT RATE OF 6 mc/kmt/y.

mrem;"

]Ill BaUO_LaUO Ce'"

0.3 5.3 1.7
0.3 0.7

0.1

A tmospheric
residence tj.11I~

Half· Mean-
do,s :,Years Zr'LNbol Ru l OS Ru100 Sb"'"

25............... 0.1 85.7 15.7 4.3 0.58
63............... 0.25 45.5 5.8 3.9 0.55

126............... 0.5 17.3 1.2 3.3 0.51
247............... 1.0 2.5 0.5 2.3 0.43
2.5y .............. 3.6 0.4 0.18

90% equilibrium
set up after years 0.6 0.4 3.3 6.7 0.07 0.12 0.3

Ce'" Total Cslll

1.7 115,')1.6 58.4 31.2·
1.3 23.7 or
0.8 6.5 12
0.1 0.7

2.6 100 or
33·

.. These values depend on whether a 30 y or a 10 y half-life is
assumed for Cs187, i.e., if weathering is not or is allowed for. The
equilibrium concentrations would be 261 and 97 rnc/kmt respective ly.

358

... The value used for the yield of Sb125 is 0.24 which is a mea
value of the yield between the fission neutron and 14 MeVneutro
fission of U238 (F I, table I) .:



TABLE Ill. SHIELDING FACIORS

Fkx>r

Construction

Wall thid. tleSS Roof thickness
Shieldinll
factors

20em concrete
5em insulation
10em concrete
5cm insulation

Large bUilding30.

Houses
Concrete blockat

BrickH

Ce:rn.est:o and woodll"

Wood f"rame31. "

Ligh t shielding
Japanese housea!

Basement
Firstt

Second

Third

Floor directly
under roof

Basement
First]

Basement

Firstt

Basement
First'[

41cm concrete
20cm concrete 11 cm

brick
20cm concrete 11cm

brick
20cm concrete 11cm

brick

? lScm concrete

22cm brick
4cm concrete and

1.3cm wood, or
4cm wood above

windows
5em wood

2.5cm asphalt paper
2.Scm insulation
1.3cm plaster

500-10,000
80-100

200-300

250

too

SO

14
3.9

8-35 (av, 20)
12.2

2.5

13
2.5

1-2

TABLE IV. SCREENING FACTORS OF THE HUMAN BODY DETERMINED
BY 3'17" GEOMETRY WITH OMNIDIRECTIONAL RADIATION

t The firsf[floor is the floor at ground level or just above in
case of semi-basement house.

• Average conditions exist beyond 8 ft. from inner surface elL
tenor 'Wall. Dose rate X 5-10 times hi~her inside of window open
ing + 2 on first floor below window-sill level.

... Average of 4 houses assuming contribution from infinity.

..... Average of two houses.
Note: The effect of sloping ground has little effect on the

shielding factors. The effect of having sources closeto buildings
only, ignoring remote sources, increases the figures up to plu~1.

MeV

0.2 OS 1.0 1.5 2.0

Marrow ............ 0.57 0.61 0.65 0.69 0.75
Testes.............. 0.57 0.61 0.67 0.73 0.78
Ovary............•. 0.47 0.50 0.56 0.61 0.66

TABLE V. POPULATION WEIGHTED GONAD AND BONE-MARROW DOSES (ASSUMED EQUAL) DUE TO
EXTERNAL RADIATION FROM FALL-OUT (G= 1.9)

Doses received from 1954-August 1961 (based on
measuremen ts) .........•......•...............

Estimated dose commitment from testing up to the
end of 1960 , " .

Fraction by year 2000....•... ~ .
Estimated dose commitment from testing up to the

end of 1961 , .........•...
Fraction by year 2000 ...................•...

Total dose received by mankind in all generations per
year of testing (1 Mc SrVO/y) .

Shorl.lioed
",rem

11

11
1.0

12
1.0

1.6

CS U?
mrem

2

16
0.94

18
0.92

2.2

Total
rnrenz

1.3

27
0.97

30
0.95

3.8

TABLE VI. RATIO OF MARROW DOSE TO BONE DOSE FOR BONE CONTAINING SrDO

Siuof
marrow caoil~

500 p
500 p
500 p

Tllickness
of trabeculae

70 p.
125 J.l
lOOp.

Marrow dose
Bo". dose

0.23
0.26

0.28-0.31
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Source

Bjornerstedt (Theoreticalr"
Spiers (Experimentalju
Libby (Theoretical) ,&



TABLE VII. THE CONCENTRATION OF Srao IN 0-4 y OLD BONE BASED ON
ANNEX F, PART Il, TABLE XX

I'l'c/g Ca PfJc/g CG

1955............................. 0.6

1956 '" . . . . . . . • 0.7

1957 ............................• 1.2

1958 , 1.4

1959. . . . . .. . . . . . . .. . . . . . . . .. .. 1.8

1960..... '" .. . ..... . . . ..... 1.8

TABLE VIII. ASSUMED DIET TYPES, POPULATIONS AND Fd/Fd RATIOS USED TO COMPUTE
A POPULATION WEIGHTED WORLD DIET (F Il, table XXIV)

Assumed diet
typ<

II

III

Populaiior: NI
FdlFdArea X 10'

N. America 220 2.3
Europe 622 2.0
Oceania 15 0.5

Near East 65 2.3
Asia (India) 400 2.3
S. America 136 0.5
Africa 247 0.6

Asia and Far East 765 2.3

C. America 40 1.5

From these values a. population weighted world average diet is derived as the sum of concentra
tion diet 1 X 0.7, concentration diet II X 0.5, concentration diet III X 0.7.

TABLE IX. ESTIMATED DOSES TO THE THYROID GLAND FROM 11 81

It is assumed that the average level of 1181 in milk is 125 JLf.lc/l over a period of ten weeks (para. 58).

Quantity of fresh milk Thyroid Quantity of fresh milk
Age consumed per day dose Age consumed per day
s. (iltres) t1Jr~m y. (litres) "1/,_

0.5 .............. 0.5 170 10............... 0.25 20';
3 ............... 0.25 45 Adult ••...•.•.•.• 0.25 11.

aO:~

TABLE X. AVERAGE DAILY INHALATION OF FALL-OUT NUCLIDES IN
VARIOUS YEARS IN THE UNITED KINGDOM

Micro·microcuries per day

1959 1959 19591955 1956 1957 1958 Jan.-June July-Sept. ou-oe.

Total beta fission
products .••.. 13.3 20 32 57 100 17 4

CS137 ••••••••••• 0.22 0.24 0.26 0.36 1.1 0.43 0.12
SrgO (calc.) .•..•• 0.13 0.14 0.15 0.21 0.65 0.25 0.07
Zrg5•••••••••••• 3.9- 6.2 12 0.8 0.06
1111 •••••••••••• 3b

Pu239 (calc.) ..•.. 0.0020 0.0021 0.0023 0.0032 0.010 0.0038 0.0011

• August-December, b October-November.
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TABLE XI. DOSE COMMITMENT FROM NUCLEAR TESTING

DD" commitmentJor Dos. commilm.nl for
period of lesting 1951-1960 Period of t.sting 1951-1961

Fraction of Fraction of Dose
dos. co",- dose cam.. comm'J"tmenl
mil",enl milmenl per :;ear of

TiJJU Sourc« of raaia/ion Para. Total tnrern Total mrem.
tesling"

2,000 2.000 mr~m

Gonads ...................... External Short-lived 23,24 11 1.0 12 1.0 1,6
CSl 87 23,24 16 0.92 18 0.94 2.2

Internal CSl il7 39-41 8 1.0 11 1.0 3.1
CH 44,45 48 0.10 70 0.10 22

83 0.47 111 0.42 29

Cells lining bone surfaces ...... External Short-lived 23,24 11 1.0 12 1.0 1.6
Csl81 23,24 16 0.92 18 0.94 2.2

Internal Sri O 32-36 67 0.92 79 0.91 10.5
CSl 87 39-41 14 1.0 19 1.0 5.3
CH 44,45 80 0.10 116 0.10 37
Sr89 53 0.15 1.0 0.17 1.0 0.03

188 0.58 244 0,54 57

Bone marrow................. External Short-lived 23,24 11 1.0 12 1.0 1.6
CSl 87 23,24 16 0.92 18 0.94 2.2

Internal Sri O 32-36 33 0.92 40 0.91 5.3
CS187 39--41 10 1.0 14 1.0 3,9
CH 44,45 48 0.10 70 0.10 22
Sri i 53 0.07 1.0 0.08 1.0 0.01

118 0.61 154 0,56 35

• For details of model see annex F, part I, paragraphs 110 and 119.
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ANNEX F

ENVIRONMENTAL CONTAMINATION (continued)

PART IV

Disposal of radio-active wastes and releases from accidents in nuclear reactors
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I. Disposal of radio-active wastes

INTRODUCTION

1. The problems of waste disposal have arisen with
civilization and have become increasingly complex with
its development. The use of atomic energy has increased
the already complicated problems of disposing of the
wastes arising from human communities. Radio-active
materials could be transmuted into non-radio-active mate
rials by further neutron capture, but this procedure
would not be economic. Chemical treatment merely trans
fers wastes to a more convenient form while leaving a
lower concentration of radio-activity in the treated
wastes. With the continuing extension of isotope tech
nology in industry and medicine and the development of
nuclear power, there will be larger quantities of radio
activity to be stored and there will also be an increase in
the amount of low activity wastes released into man's
environment. It will therefore become more and more
important to control these releases and to assess the con
tribution they make to man's exposure to radiation.

CLASSIFICATION OF RADIO-ACTIVE WASTES

2. According to their physical state, radio-active
wastes are classified as solid, liquid and gaseous. Though
10 fixed classification system has been agreed upon, liquid
wastes can be arbitrarily divided into three groups
according to their specific activity: low-, intermediate
md high-level wastes.>" These terms are used to de
.cribe the approximate concentration of activity in the
oarticular waste materials and their quantitative defini
ion varies from one establishment to another. Low-level
vastes are those having a range of activity from a trace
imount up to one microcurie per litre; intermediate-level
vastes have concentration up to three curies per litre;
md high-level wastes have specific activities up to hun
[reds of curies per litre."

METHODS OF DISPOSAL

3. Methods of waste disposal must aim at reducing, as
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far as practicable, the radiation dose to man. Two basic
methods are available to achieve this aim. The first is to
contain the waste in shielded areas and to absorb most of
the radiation in the shield. If special attention is paid to
the problems of siting, containment and shielding, any
quantity of radio-activity can be dealt with in this way.
The second method is to disperse the radio-activity in the
environment so that most of the radiation energy is
absorbed by the diluting material, and again the .radiation
dose to man can be kept low. There is, however, a limit
to the capacity of the environment to accept wastes with
out causing excessive radiation dose to man. Broadly
speaking, therefore, the first method is the appropriate
one for high-level wastes, and the second is satisfactory
for low-level wastes. Intermediate-level wastes must be
considered on their merits and are usually partly con
tained and partly dispersed.

ORIGIN AND NATURE OF RADIO-ACTIVE WASTESIS-1G

4. Radio-isotopes originate from three different
sources: natural radio-active isotopes with their decay
products, fission products and radio-isotopes obtained as
a result of activation. By far the greatest quantity of
radio-activity in the form of wastes produced at the
present time originates from the reactor-fuel cycle. A
general flow-sheet indicating the types of waste produced
during the nuclear fuel cycle complex is given in figure
1.7 Smaller amounts of radio-activity occur in the wastes
from medical and industrial uses of isotopes. Although
these releases are small, they take place in a very large
number of establishments and the disposal problems thus
posed are by no means negligible.

GASEOUS AND AIRBORNE WASTES

S. Gaseous and airborne radio-active wastes are pro
duced during feed material production, isotope separa
tion, fuel element fabrication, fuel reprocessing and
reactor operation. During the re-processing of shortly
cooled fuel elements, fission product gases are released,
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including Kr8~, Xe1S8 and PS1. Where air is used as a
coolant for reactor cores or shields, the short-lived iso
tope A4l appears in large quantities. Cl"'may be produced
in a reactor by ~rra.diation of the graphite moderator, or
of the carbon dioxide used as a coolant, and by irradia
tion of nitrogen.

6. Before being discharged into the atmosphere, air
borne and gaseous wastes may have to be partly decon
taminated through various devices.P Isotopes of the
noble gases are diluted by meteorological processes and
the dose to man can be adequately controlled by the selec
tion of a suitable stack height. KrB5 may in the future
give rise to significant exposures if improved methods of
treating gaseous effluents are not developed. Other mate
rials, notably isotopes of iodine, are deposited from the
air and may be substantially re concentrated by agricul
tural processes. This introduction of radio-activity into
the food chain is usually likely to contribute more to the
radiation dose to man than direct exposure to the air
borne waste.

7. Quantitative information on the amounts of radio
activity discharged in gaseous wastes is extremely sparse,
but both the United Kingdom and the United States have
published some information relating to atomic energy
installations. Some of these data are summarized in
table I.17 Because of the various ways in which gaseous
discharges can cause radiation exposure to man, the dis
charge figures in table I cannot be used directly to assess
the environmental consequences of the discharges. How
ever, in many cases, detailed assessments have been made
of the resultant radiation doses to man and it has been
found that these are very small.P It is reasonably certain
that gaseous wastes from all sources make a very small
contribution to man's total radiation dose.

HIGH-LEVEL RADIO-ACTIVE LIQUID WASTES

8. Wastes of high activity must be stored for long
periods of time so as to prevent their release into the
environment. At present, all high-level activity wastes
from the re-processing of reactor fuel are kept in a con
centrated liquid state in tanks. These tanks are either
placed in buildings above ground or, more commonly,
underground.

9. Despite a number of shortcomings, such as self
heating, radiolysis and corrosion with leakage as a pos
sible consequence, storage of liquid high-level activity
wastes in tanks can be considered as satisfactory. Never
theless, research is being carried out to make possible the
storage and disposal of high-level activity wastes in the
solid state, as this will provide their safe fixation for a
long period. The conversion of high activity wastes. to
the solid form has some disadvantages including particu
larly the production of additional low- and intermediate
level wastes and of gaseous wastes. The additional proc
essing required also causes additional radiation doses.
However, the increased safety of the finally stored or
disposed waste may well outweigh these disadvantages.
The methods of conversion of liquid wastes into solid
substances are given in table n. 1 0

10. The per cent fraction of total radio-activity con
tributed by certain fission products of biological interest
after various times of cooling is given in table lILT
Serious attention should be given to the proposal" that
Cg l37 , SrDO and other long-lived isotopes be removed from
high-level wastes so that the residue can be finally dis
posed of after a period of about fifteen years. Additional
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problems are posed by the presence of alpha-emitting
transuranic isotopes of long half-life."

LIQUID WASTES OF INTERMEDIATE- AND
LOW-LEVEL ACTIVITY

. 11. L?w activ:ity. wastes can often be disposed of
directly 10 the soil, rivers or seas. The quantity of waste
which can be disposed of in this way depends on the
radio-active components of the waste and on the capacity
of the environment to absorb or disperse these com
ponents without causing excessive radiation dose to man
or harm to the environment. If the amount of waste for
disposal exceeds the estimated capacity of the environ
ment, then the waste must be treated to remove part of
the radio-activity through concentration. The concentrate
can then be stored or transferred to other parts of the
environment better able to receive the radio-activity.
Intermediate-level wastes almost always require treat
ment in this way. A relatively complete decontamination
can be achieved only by using a combination of methods,
the choice of which depends on the composition of the
wastes. The efficiency of decontamination methods is
given in table IV.2 2

SOLID WASTES

12. Solid wastes include contaminated equipment,
process wastes such as slags, contaminated laboratory
wastes, and the concentrates from some types of treat
ment of liquid wastes. Depending on the activity and the
available environmental conditions, solid wastes are
either permanently stored, e.g. in concrete-lined trenches,
or buried with or without containers, or dumped on the
sea-bed in drums or concrete containers. They are often
processed to reduce their volume and to simplify the
subsequent disposal operations. Such processing includes
incineration and baling and usually produces secondary
gaseous or liquid wastes which have proved to be of
little hazard.

13. Typical quantities of liquid and solid radio-active
wastes discharged into rivers, seas and oceans from some
of the establishments of the United Kingdom Atomic
Energy Authority and United States Atomic Energy
Commission are given in table V.17

DISPOSAL OF RADIO-ACTIVE WASTES INTO RIVERS

14. Studies of the biology of river waters into which
radio-active wastes are discharged have indicated that
radio-nuc1ides are strongly concentrated by river organ
isms, both plant and animal. As examples, observations
made at Hanford and at Chalk River will be reported.2s

-
2 5

15. Low-activity cooling water from the reactors at
Hanford is discharged, after a short delay, in retention
basins into the Columbia River. The activity decreases at
points downstream from the discharge point because of
radio-active decay and adsorption onto sediments."
Estimates have been made of the radiation doses to
people living in downstream communities and it has been
found that in spite of some very high concentration
factors" in individual river organisms the principal
sources of radiation dose to man are drinking water and a
species of whitefish. The use of the river for irrigation
and the transfer of radio-active materials to the sea and
their reconcentration in marine organisms have been
shown to contribute extremely small radiation doses to
man."

__________________--'lh'10i



16. At the Chalk River plant the effluent is diluted by
large volumes of water used for cooling the reactors
before it enters into the Ottawa River. The concentration
of the beta-gamma emitting radio-nuclides is equal to
2 X 10-8 p.c/cc upstream from the plant; at a distance of
1.6 km downstream from the plant, the concentration is
3 X 10-8 p.C/CC.25 Sroo in excess of that attributable to
fall-out was occasionally observed in fish caught in the
locality of the reactor outfall.

DISPOSAL OF RADIO-ACTIVE WASTES INTO
SEAS AND OCEANS26

17. Two methods of disposal of radio-active wastes
into seas and oceans are used at the present time. The
first consists of the direct discharge of liquid wastes from
atomic plants into coastal waters; the second of the
dumping of solid wastes on the bottom of the sea after
sealing in appropriate containers, thus delaying the en
trance of radio-active substances into the water masses.
In this connexion the oceans can be considered from two
points of view: as a dilution medium for radio-active
waste and as an area of temporary isolation in which
radio-activity can decay before escaping to the water and
ultimately returning to man.

18. While the possibilities of the ocean as a medium
for dilution are great, it is obvious that uniform dilution
of the global quantities of radio-active wastes in the ocean
is highly improbable both because of the slow rate of
mixing of water and because of concentrating effects.
Among the factors which influence the fate of radio
active wastes in sea water are the physical and chemical
state of radio-nuclides and also oceanographic conditions.
The possible physical states of elements in sea water are:
ionic, colloidal, and particulate." Elements in ionic form
will be diluted better, but as they remain longer in solu
tion they may enter in zoo- and phytoplankton. Elements
in particulate form or those which tend to be absorbed
by particulates in the sea will have a tendency to settle on
the sea-bed, which will lead to a higher concentration of
radio-activity at the bottom as compared with the rest of
the sea. Radio-nuc1ides in particulate form may then be
removed by filter-feeding marine life and so become
availa~le to the larger marine fishes. Thus, radio-active
matenals may enter bottom sediments and in some form
become available to bottom-dwelling marine life.

MIXING PROCESS BETWEEN DEEP WATER AND SURFACE
WATER OF THE OCEANS AND "BIOCIRCULATION"

1? ~n considering dispo?al of radio-active wastes by
bunal In ocean depths, It IS necessary to examine the
possibility of exchange between deep and surface waters
of the ocean. Two points of view exist." The first main
tains that the replacement of deep waters in the ocean
takes place comparatively rapidly, in perhaps forty to
fifty years. This point of view is supported by observa
tions and calculations regarding dissolved oxygen and
phosphate, and other factors present in the ocean. The
other p?int of view holds that the replacement of deep
waters m the ocean, and consequently the time required
for any contamination from the depths to come to the
surface, takes place much more slowly, over a period of
se~e:al ~undred years, or even 1,000or 1,500years. This
opmion 1S supported by studies conducted with carbon-14
and radium. In addition to the movement of radio-active
nuclides due to vertical transfer of water layers "bio-
circulation"20-so also must play a role. '

20. It is now clear that the deep waters of the oceans
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cannot be regarded as isolated from the surface waters.
Waste disposal in the deep water in containers must
therefore be treated as a form of temporary storage, the
storage period depending both on the life of the container
and on the rate of transfer to the surface waters. In addi
tion, the process of transfer will result in substantial
dilution.

21. Experiments" have indicated that the expected life
period of metal drums because of corrosion in sea waters
is not more than ten years, whereas concrete containers
may last as long as thirty years. One container described
in the literature'" is capable of withstanding high pres
sures and corrosion, so that its expectation of life at the
sea bottom is 1,000 years.

22. Since 1946 the United States Atomic Energy
Commission has been disposing of relatively low-level
radio-active waste products at sea off the Atlantic and
Pacific coasts of the United States. Most of these wastes
were packaged in 200 1. steel drums with encased con
crete drums, and preformed, reinforced concrete boxes
were used in some instances. During three oceanographic
cruises" in March, April and November 1960, samples
of sea water, sediments and marine life were collected
for the purpose of measuring their radio-activity level.
Bottom photographs were taken and documentary motion
pictures of the April cruise were filmed. Different seasons
of the year were chosen for the cruises in order to detect
seasonal differences in levels of contamination. Water
depth at all sites was 1,800 m. or greater. The three areas
of survey were two disposal sites and the control area off
Point Arguello, between the two disposal sites. In gen
eral, the results indicated that within experimental error,
no radio-activity was detected in excess of the back
ground levels.

23. At the present time, since many factors are still
unknown to us and few data on the question of disposing
of sealed wastes in ocean depths are available, it is diffi
cult to reach definite conclusions on the suitability of such
practices for all types of waste. At present, however,
only small amounts of radio-active material are being
deposited in the ocean and before this practice could be
extended to the high activity waste from large-scale
nuclear power programmes, much more investigation
would be required into the processes of dispersion and
reconcentration. There is still substantial disagree
m.ent88-86 on the validity of deep ocean disposal, but even
With the assumption of a very rapid mixing of the deep
water and the surface water the present practices have so
far given rise to exceedingly small radiation doses to man.

DISPOSAL OF RADIO-ACTIVE WASTES ON LAND

24. Like the ocean the land also can be considered both
a~ a place tor ultimate disposal through isolation in spe
cial geologicalformations and as a medium for dispersion
of low-level radio-active wastes. In the latter case there
is also S?n:e degree of iso.1ation by adsorption of the
r~dl~-ac~1Vlty on to the SOli as well as dispersion and
dilution m the ground water. In rare cases substantially
all !he radio-activity is retained by the soil and only a
purified waste reaches the ground water. This situation
occ.u:s at Hanford. where some quantities of radio
actrvity are released into the ground and no fission prod
ucts have been observed to penetrate into the river
waters.~8 Direct disposal of low-level liquid and solid I

wastes l?tO t~e g:ound is practised at the present time,
and the isolation into special geological formations is in
the state of development.



DIRECT DISPOSAL U.1<' LOW-ACTIVITY WASTES INTO

SUPERFICIAL PERMEABLE LAYERS OF THE GROUND

25. Disposal of low-level liquid radio-active wastes to
the ground is founded on the ability of various earth
materials to remove and retain fission product cations.
Some years of practical experience in the controlled dis
posal of wastes to the ground at the Hanford Works
Oak Ridge National Laboratory, and Savannah Rive;
Plant have demonstrated the feasibility, safety and econ
omy in the disposal of at least limited volumes of some
types of liquid wastes."

26. The binding capacity of soil for radio-nuclides
~epends on t~e composition of the soil.and on the proper
ties of the discharged wastes, Strontium is well sorbed
by montI,!lOrillonite, k~olinite, .mica, hydrornicas, peat,
phosphorite and nepheline syenites." Caesium as a rule
is very well retained by soils, and the extent to which it is
retained depends on the mineral content of the soil. It
has been established that the most suitable types of soil
columns for the decontamination of liquid wastes are
those composed of vermiculite overlaying solid phos
phates, which in turn lie on coarse-grained gravel."

ISOLATION IN SPECIAL GEOLOGICAL FORMATIONS

27. It has been proposed to discharge liquid wastes
even of high activity into various rocks, salt formations
limestone, shale formations, gypsum, sandstone and othe:
impermeable geological formations. 4 0- 41 All these meth
ods are at the experimental stage. Of all the indicated
geological formations, the most promising are sandstone
and salt formations.

28. Deep well injections of radio-active materials into
po~ous geological formations'P-" are suitable for regions
which have porous rock, such as sandstone, under which
is a layer of impermeable material such as shale. Sand
stone possesses several desirable properties, such as con
siderable heat conductivity, stability in acids; its porosity
reaches 10-30 per cent; it has a fairly high ion-exchange
capacity (20-30 milligram equivalents per 100 g.).

29. Disposal into natural salt formations provides one
of the most interesting possibilities.w-" The method has
several geological and operational advantages and is ex
pected to provide a high degree of isolation. Analytical
studies indicate that it is possible to store two-year-old
10,000 megawatt-day/ton, 3,200 litre/ton waste in a
sphere abont 3 m. in diameter. Structural properties and
thermal conductivity of rock salt are not changed to any
significant extent under the influence of high doses of
radiation. The chemical interaction of liquid wastes with
salt produces chlorine and other gaseous compounds, but
their quantity is not very great.

CONCLUSION

30. Information on the contamination of the environ
ment through disposal of radio-active wastes is very
limited and only for few areas are relevant data pub
lished periodically. In even fewer cases is the published
information sufficient to allow any assessment of the
resultant radiation doses to man. These cases represent
major releases of radio-activity into the environment and
it has been shown that the resultant radiation doses to
man are small." Other releases of radio-active waste
result in even smaller doses and present waste disposal
does not make a significant contribution to man's ex
posure to radiation.
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.31. The ~roblel.11: of. disposing of radio-active waste
WIll assu.me mcreasing Importance with the development
of atomic energy which is expected in the next few
decades. It has been estimated4 7- 48 that the thermal power
produced by atomic plants will reach 700,000 megawatts
by ~he year 2000 and will be accompanied by billions of
cun.es of accumulated radio-activity. Almost all the re
sulting radl?-actlve material will be sent to permanent
storage a~d Imp~oved storage methods are being investi
gated. It IS also likely that there will be an increase in the
amount of radio-activity dispersed into the environment
~ot onl~ from fuel-reprocessing plants but also from the
mcreasmg uses of isotopes in industry and medicine. The
control of such discharges and the assessment of the
resulting radiation doses to man will thus become in
creasingly important.

32. ~?st of the present practices for the disposal of
low.actlvlty wastes are sa;tisfactory provided that they are
subject to close and continued control. In some cases this
control should include appropriate environmental moni
tormg and the primary aim of this monitoring should be
to.establish that the disposals cause no unacceptable radi
~tlon d?ses to man. In the case of the majority of the
industrial and medical applications of isotopes, simple
procedures controlled by suitable sanitary standardsvr'"
can be used for disposing of radio-active wastes without
the need for a complex environmental monitoring pro
gramme.

33. The release into the environment of the principal
fission-product wastes from the large scale production of
nuclear power cannot be considered until substantially
more information is available on the behaviour of such
fission products in the environment.

11. Releases from accidents in nuclear reactors

34. The release of radio-active materials as a result
of nuclear accidents represents a situation that must be
considered in connexion with its potential effects on man
and his environment. Of the six major nuclear accidents
to date'" only the accidents at Windscale and at Chalk
River led to a substantial release of radio-active
nuclides. 55- 58

35. The accident at Windscale was caused by local
overheating of the uranium fuel elements during the an
nealing of the graphite moderator of an open air-cooled
reactor. The amount of radio-activity released during the
accident is not known precisely, but approximate esti
mates were made from the measurements of the radio
active iodine deposited on the ground and from measure
ments on air filters obtained both in the United Kingdom
and in Continental Europe. The following list shows esti
mates of the amounts of various isotopes released:

Curies
Iodine-131 , 20,000
Tellurium-132 12,000
Caesium-137 , '" .. . 600
Strontium-89 80
Strontium-90 2

36. During the six weeks after the accident, over 3,000
samples of milk were analysed. The pal content of milk
rose to a maximum three days after the accident when
the highest levels recorded were l.4jJoc/l. The levels of
p81 in samples of drinking water obtained from reser
voirs, and from streams feeding reservoirs and water
taps, varied from below the threshold of detection (about



TABLE I. SOME EXAMPLES OF RELEASES OF GASEOUS WAsm FROIol
ATOMIC ENERGY PLANTS

likely that carefully planned emergency measures can
substantially reduce the radiation doses which would
otherwise result from accidental releases.

ORNL (reactor development and
chemical processing laboratory) 0.25 c/y, alpha

(uranium)
Brookhaven (nuclear research centre) 700 c/hr, AU

United States of America
Hanford (plutonium production plant), ... 1 c/d, IlII
Idaho (reactor testing station) , •..100,000cly beta,

mainly very short
half-life,and noble
gases

A moulll of was/eollll
rodio,oc/lue co~,,",Si14

United Kingdom
Springfields (feed material production

plant) Approx. 1 e/v, alpha
Capenhurst (gaseous diffusion plant) Approx.0.1 «/v, alpha

(uranium)
Calder Hall (nuclear power station) 10 c/hr, AU
Chapelcross (nuclear power station) .••...10 c/hr, AU
Dounreay (reactor research centre).; 0.5 mc/hr, AU
Harwell (nuclear research centre) 30 mc/y rbetaj 1mc/y,

alpha] 50 C/hr,lAll
Amersham (isotope production plant) .•... 15 mc/wk, p31
Aldermaston (nuclear weapon research

centre) , 20 mc/y, beta;
3 mc/y, alpha

100 p.p.cj1) to about 1,000 p.p.cfl. Samples of eggs, vege
tables and meat from the more highly contaminated areas
were examined. They also were shown to be contami
nated with p81, but contributed much less to the diet of
the population than did milk.

37. Before the accident the ratio of Sr90j Ca was
44 p.p.cjg in milk from a farm within a quarter of a mile
of the perimeter of the Windscale Works. Shortly after
the accident values up to 115 p.p.c SrllOjgCawere observed
in milk from the farm nearest the plant. It was also found
that in the area of highest contamination, the maximum
levels of CS187, Ru 1 08 and Ru106, and Zr9 5 in grass were
0.25, 0.21 and 0.3, p.cjm2 respectively.

38. The only control measure needed as a result of the
accident was the control of the consumption of milk and
vegetables from an area of approximately 500 square
kilometres. The opinion was expressed in the official re
port following the accident that this control measure had
been adequate and that it was highly unlikely that any
harm was done to anybody as a result of the accident.

39. Most reactor accidents have taken place in experi
mental reactors or in reactors cooledby the old-fashioned
flow-through system rather than in the more modern
power generating facilities where the coolant is re
circulated. The probability of other types of accidents
occurring can only be assessed on the basis of past experi
ence. This is still limited but suggests that releases of
such a nature as to cause concern for the health of indi
viduals in the population are extremely rare. It is also

TABLE 11. POSSffiLE METHODS OF CONVERSION OF WASTES TO SOLIDFORMS

Preparation con- Metal oxides Metal oxides Calcinated clays Cement blocks Molten salts Preparation type
taining fission dried at calcinated at glass
products 200-250°C 500-700·C

Difliculties in the Considerable Dust Limited Must be Corrosion of the High temperature
preparation dust exchange mixed equipment (> 1000°C)
process capacity of

clays

Volume variations Reduction up Reduction up Reduction up Increase up to Reduction up Reduction up to
to 100 times to 100 times to 50 times 30-50% to 70 times 350 times

Separation of gaseous Yes No No Yes Yes' No
products in radiolysis

Heat resistance High High High Medium Low Very High

Heat conduction 0.05 0.03 0.05 About 1 Up to 2
kilocalorie/metre/
h/CO

Transfer of fission Considerable Appreciable Small Small Soluble Very small
products into water

TABLE 111. COMPOSITION OF FISSION PRODUCT MIXTURE AFTER ONE-YEAR IRRADIATION OF FUEL
ELEMENTS BY 3 X 10s THERMAL NEUTRON FLUX AND VARIOUS TIMES OF COOLING

!J%pe Half-life

Approximate % of /o/al FP ac/jolty ai/er cooling

100 days 3 years 30 years

CSII7

SrllO

Pm147

CeW-Pr1"

KrS' (gas)
1131 (gas)
Zr~LNb~5

BaLill-LaBO

RuL03-RhLo3
RuLDLRhlo,
Sri.
Xe133 (gas)

26.6 years
28.0 years

2.6 years
290 days

10.3 years
8.1 days
63 days

12.8 days
41.0 days

1.0 year
54 days

5.27 days

<2
<2

3
45

<1
<1

33
<1

5
2
7

<1

15
15
15
50
1

3

.....,49

.....,49
<1

<1
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TABLE IV. EFFICIENCY OF DECONTAMINATION METHODS OF
LIQUID WASTES

TrelJlm<111
U"specified

alpnlJ-,.movlJl
U"specified

bellJ'lllJmmlJ-remOflal

97%
99%

70-99%

FeC!. .....•..•.•.........•• __
BaCh +Fe. (SOJI .
Lime soda-softening process...•
40-80 ppm Al + activated

silica (5-10 ppm SiOI ) . . . . . . . . 80%
20 ppm Al + lime or Na.C01• • • 90%
40 ppm Na lP04 + lime +

tannic acid. . . . . . . . . . . .. . .. • 98%
100ppmNalP04 + limeor NaOH 95%
Phosphate treatment followed by

sulphide treatment. • .. 99%
Phosphate treatment followed by

vermiculite columns. . . 99.95%
Precipitation and electro-

de-ionization , 99-100%
Ion-exchange resins.... . . •.• 101-10'
Mixed bed...... . 10~

Evaporation... . .. .. . ...•.• 1()L-101

50%
98%

50-80%

65%
70%

75%
75%

90%

99.36%

99-100%
101-104

10'
1Q4-101

TABLE V. EXAMPLES OF LIQUID AND SOLID WASTE DISPOSAL FROM SOME
ATOMIC ENERGY INSTALLATIONS

Type of
wlJSte

United Kingdom

Springfields , . . . . . . . . . . Liquid

Capenhurst , . . . . . . . . . . Liquid

Windscale and Calder.. Liquid

Chapelcross (1960)... .. Liquid

Dounreay (1959--{)0)... . Liquid

(
Liquid
Solid

Harwell .. , . . . . . . . . . . .. ~

~Solid

l
~~t~d

Aldermaston .
Solid

United Slates of America

Hanford (1959).. . . . . . . Liquid

ORNL (1954-57). . . . .. Liquid

{

liquid
Brookhaven (1957-58).. Solid

2.5 X 10Iml/y: 50 c/y alpha: 1,500 c/y beta

2 X 108ml/y; 1 c/y alpha (uranium)

8 X 10'ml/y; 90,000 c/y beta; 40,000 c/y Ru: 1,500 c/y Srlo:
70 e/v alpha

3 X 104m8/y: 4.5 c/y alpha and beta: 80 mc/y SriD

l()1m8/y: 40,000 c/y beta; 20 c/y SrID; 5 c/y alpha

7 X 10'm 8/y; 15 c/y beta; 0.5 c/y SriO: 0.02 c/y alpha
800 tons/y; 80 c/y beta; 4 c/y alpha

50 tons/y: 1,000 c/y beta; 200 c/y alpha

5 X 104m8/Yi 0.02 c/y beta; 0.06 c/y alpha
400 tons /y: 2 c/y alpha: 0.5 c/y beta

50 tons/y; 200 c/y alpha; 15 c/y beta

3,000 c/d beta: 1,200 c/d er·51; 70 cid Zn8G ; 0.2 c/d SrlD

108m8/ y ; 250 c/y beta: 50 c/y Sr'o

5 X 1()1m8/Yi 0.1 c/y beta
1,000 c/y
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Method of
disposlJl

Pipeline to tidal estuary

Open brook to tidal estuary

Pipeline to open sea

Pipeline to tidal estuary

Pipeline to open sea

Pipeline to River Thames
Dump in light drums on bed

of English Channel
Dump in strong drums on bed

of Atlantic Ocean

Pipeline to River Thames
Dump in light drums on bed

of English Channel
Dump in strong drums on bed

of Atlantic Ocean

Pipeline to river

Discharge to local stream

Discharge to stream
Dump in drums on bed of

Atlantic Ocean
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APPENDIX

TABLES

REFERENCES

I. Introduction

1. This annex deals mainly with information and data
radiation doses to individuals and populations as a

.ult of exposure to ionizing radiation of:
(a) Patients undergoing medical radiological pro
lures-medical exposure;
(b) Workers as a consequence of their work-occu
:ional exposure;
(c) Persons from miscellaneous man-made sources
j abnormal exposure to natural radiation, when the
?OSU res do not belong to (a) or (b) -other exposures.

~. The term "medical exposure" is taken to apply to
types of exposure (except occupational ) resulting

un radiation administered by radiologists, general
ictitioners, dentists, obstetricians, osteopaths, chiro
ictors, etc.
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3. The term "occupational exposure" is, in the present
annex, taken to apply to all activities involving exposu~e

of workers to ionizing radiation in the course of their
work, regardless of whether the workers are directly en
gaged in radiation work or not,1·2

4. Data concerning radiation doses to specific organs
and tissues, and to the whole body may be used for the
purpose of:

(a) Risk estimates;. this ~mplies adequate knowledge
of the dose-effect relationship ;

(b) Education, which, by presenting comparat~ve
data, might !esult in improved standards of operation
and a reduction of doses;

( c) Guiding epidemiological studies.

5. The concept of significant dose for the evaluation
of a specific biological risk was considered by the Com-



mittee in its 1958 report (chapter n, para. 26)8 in the
following way:

"Any specific biological effect of irradiation must
be evaluated from physical factors such as the dis
tribution of tissue dose (expressed in rem) in space
and time and from biological factors such as radio
sensitivity, latent period, recovery and repair. The
simplest situation is that in which a dose-effect rela
tion for a biological effect is known, making it possible
for the probability or degree of this effect to be cal
culated. Whether the effect eventually may manifest
itself in the form of deleterious consequences, how
ever, depends on individual circumstances such as ex
pectation of life, or, in the case of genetic injury,
expectation of children. For this reason, the potential
effect indicated by a direct application of an assumed
dose-effect relation must be weighted according to
these individual circumstances."

As has been pointed out earlier in the present report,
quantitative risk estimates presuppose assumptions re
garding the dose-effect relationship. As long as the true
mode of dose-effect relationship is not known, any use
of the presented dose data for risk estimates must be
made with the recognition of the necessary assumptions
and the awareness of the uncertainty of the result. In
any circumstances only comparative risk estimates may
be made on the basis of the presented data and they
should be limited to considerations of exposures to the
same organs or tissues.

6. The present annex deals with the following types
of radiation dose:

(a) Genetically significant dose;
(b) Mean dose to the active bone-marrow;
(c) Doses to organs and tissues of special interest.

Data on radiation exposure to the gonads are presented
using the accepted definition of the genetically significant
dose (para. 9) with the intention that they may be used
for comparative risk estimates of the radiation-induced
genetic effect, following the procedures outlined in the
1958 report. However, in the cases of radiation expo
sures to the bone-marrow and to other organs and tissues
of special interest the data are not given with the inten
tion that they be used for risk estimates but for educa
tional purposes and as a guide for epidemiological studies
as mentioned in paragraph 4 above. Medical exposure
is dealt with in paragraphs 7-99, occupational exposure
in paragraphs 100-116 and other exposures in para
graphs 117-126.

IT. Medical uses of ionizing radiation

7. Medical exposure arises from the following types
of procedures:

(a) X-ray diagnosis;
(b) Radio-therapy by X-rays and sealed radio-active

sources;
(c) Administration of unsealed radio-isotopes for

diagnostic, therapeutic and research purposes; radiation
exposures also result from the use of contrast media
containing radio-active materials, e.g. thorium dioxide.

8. Data on the frequencies of radiological procedures
in various countries and areas are presented in tables I,
Il and Ill. The frequency figures are obtained as the
annual number of procedures per 1,000 individuals of
the population under study:

(a) Table I deals with X-ray diagnosis. Ahhough the
frequencies are based on sample studies, nine of the
twelve countries which had carried out comprehensive
surveys had similar amounts of radiography and fluoros
copy (excluding mass surveys and dental exposures).
Their annual frequencies range between 260 and 410
examinations per 1,000 individuals. The frequency fig
ures in the cities tend to be higher than those based on
the whole country, not only because cities usually have
more X-ray facilities, but also because many patients
are examined there without being residents of the city
itself or the surrounding suburban area.

(b) Table Il, which sets out the frequencies of cases
treated with X-rays and sealed radio-active sources,
shows large differences between the various countries
and areas.

(c) Table III gives the frequency of the administra
tion of radio-active isotopes to cases for either diagnostic
or therapeutic reasons. The number of patients under
going diagnostic procedures is four to ten times higher
than the number undergoing therapeutic procedures. The
table also gives the annual consumption for medical use
of PS\ PS2 and AulnB

• The contribution to the amounts
of radio-active isotopes from the diagnostic use mar be
disregarded, as compared to the amounts used for thera
peutic purposes. The information usually originates
from the distributors. The figures given for the amounts
should be regarded as maximum estimates in view of
the disintegration of the radio-active isotopes in transit
and because the total amount of requested isotopes may
not have actually been used for medical purposes.

THE GENETICALLY SIGNIFICANT DOSE

Definitions and calculations

9. In the 1958 report the genetically significant dose
was defined (chapter Il, para. 27) as

H ••• the dose which, if received by every member of
the population, would be expected to produce the same
total genetic injury to the population as do the actual
doses received by the various individuals".

This definition was based upon the following assump
tions and considerations:

(a) The relevant tissue dose is the accumulated dose
to the gonads;

(b) The dose-effect relation is linear, without a
threshold;

(c) The individual gonad dose is weighted with a
factor which takes into account the future number of
c~ildren expected of the irradiated individual compared
with an average member of the population (in this con
nexion the foetus is treated as such an irradiated in
dividual and not as a child to be expected).

10. Evidence has lately been obtained that although
the dose-effectrelation for the production of most genetic
damage might be linear at any given dose-rate, it has
a lower slope for low dose-rates than for high ones.
(C, 84-87) There are also indications that the genetic
damage to future generations at any given dose or dose
rate may differ with sex and with the cell-stage of a
gamete,depending on a difference in the radio-sensitivity
of the male and female gametes and on a difference ill
the possibility of transferring the damage to future gen
erations. This means that the weighting of the individual
gonad close should, in addition to the factor for future
number of children, include weighting factors for the
dose-rates to the gonads and for the difference both be-
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tween the sexes and the cell-stages. Since these new
weighting factors ar.e not yet kno~vn, It IS not possible
to incorporate them m the calculation of the genetically
significant dose.

11. It is still justifiable to use the formulas for the cal
culation of the genet}cally signifi~ant dose ~s they were
presented in the previous report. ~ he derIvatIons of these
formulas are therefore repeatcd 111 the appendix.*

12. Available information all genetically significant
dose and ~ts paraIl1eter~ is give~l.under t~le heading
"Data", W!tll the followl~lg subdivisions : X-r~y diag
nosis; radio-therapy .by X-rays. and .seal~d radio-active
sources; administration of radio-active Isotopes.

Data

13. During the last few years many investigations
have been performed to determine the genetically sig
nificant dose arising from medical exposure. Though
most of these were performed along the lines presented
in the appendix, using either formula 8 or 11 for the
calculations, the sampling techniques and the modes of
measuremcnt or estimation of the gonad doses vary.
Because of this, short explanatory statements of the in
vestigations presented are given below in paragraphs
17 to 30.

X·ray diagnosis
(a) National surveys
14. Tables XVIII and XIX present the average gonad

dose for each of the ten most siRIlificant examinations
for each of the countries submitting information, with
the reservations of paragraph 15. Table XVIII gives the
values for examinations of male patients and table XIX
the information for female patients, Table XX presents
the values for the foetal gonad dose during examinations
of the obstetric abdomen and pelvimetry. Only the Fed
eral Republic of Germany (Hamburg) and the United
Kingdom presented separate values of foetal gonad doses
for the other examinations. Some countries assumed
that the foetal gonad dose was the same as the female
gonad dose for these other examinations. The variation
in the values shown in these tables demonstrate that for
anyone examination a wide range of gonad doses may
be obtained. This is due to varying techniques, for ex
ample the amount of fluoroscopy carried out a~ part of
an examination and the size 0 f the incident skin fields.
Reductions in both of these will greatly reduce gonad
dose in an examination. Table XXI presents the total
genetic dose contribution for each examination for each
of the countries submitting in formation. Similarly, table
xxu gives the same information but presented as the
percentage of the total genetic dose of each country,
whilst the totals arc summarized in table XXIII.

15. Further details of the genetic dose computations
and data for each country may he obtained by reference
to the national tables presented as tables IV-XVI, In
th~se tables the ten types of examination wh,ic? c~:m
tnbutemost to the genetically significant dose ongmatmg
fro~n X-ray diagnosis are set out in desccndiI~g o;der of
their contribution. All other types of examination are
presented as a whole. As an exception to this Prl~lCIple,
the two types of obstetrical examination, e.g., pelVImetry
and obstetric abdomen, are alwavs individually pre
~ted, although their contribution to the genetically sig-

*Although, for editorial reasons. the pertinent p~ragraphs
are not directly quoted, they arc substantially a quotatwn from
(he Comlllittee's 1958 repur t, annex C, para. 6-17.
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nificant dose does not always justify this. They are then
placed at the bottom of the table, replacing the ninth and
tenth types of examination. It should be mentioned that
although the genetically significant dose is referred to
as the "annual" dose, the validity of the figures is limited
to the year or years to which the surveys relate.

16. The doses to the gonads and the annual genetically
significant doses are presented in rnrem, The dose-rates
being the dose averaged over the exposure time are pre
sented in mrem per sec and for the purposes of this
annex it is assumed that for X-, /3- and j'-radiation 1 r
corresponds to 1 rad and to 1 rem.

17. Argentina (Buenos Aires). Table IV is based on
a report by Placer.' His investigation is limited to radio
graphy. Studies on the numbers of different types of
radiographs and their distribution by sex of the patients
radiographed were undertaken in a total of eighty-six
hospitals and medical centres. The dose measuremen~s

were made with ionization chambers and film badges at
tached to the skin of the patients. Depth dose data were
used for computing the gonad doses. The genetically
significant dose was calculated from formula 11. The
mean age of child-bearing was set as thirty. It should be
emphasized that Placer's report deals with numbers of
radiographs and not examinations. An estimate of the
contribution to the genetically significant dose caused by
radiography in private clinics and practices has been
made, assuming the distribution of the radiographs in
various types of examination to be the same as in the
hospitals.

18. Denmark. The figures presented in table V are
taken from the investigation published by I-Iammer
Jacobsen.5 The figures on the numbers 0 f various types
of examination are based upon a sample inquiry. Infor
mation on sex and age distribution of the patients was
obtained from a special study on 139,000 examinations.
Measurements on the doses to the gonads were made
with ionization chambers on 2,475 patients during the
actual course of examination. Data on doses to the foetus
were obtained by measurements in a phantom. The genet
ically significant dose was calculated by means of for
mula 8 in the appendix. The fertility factors used were
calculated from the official vital statistics of the popula
tion.

19. Federal Republic of Germany (Hamburg). The
data in table VI are taken from the investigation pub
lished by Holthusen, Leetz and Leppin," The genetically
significant dose was calculated by m~an~ of formul~ 8.
Information on the number of examinations of vanous
types subdivided by sex and age of the patients, was
colle~ted by means of questionnaires, compiling all ex
aminations during the period from November 1957 to
October 1958. Measurements were made on the gonad
doses to adults in the course of examinations belonging
to the types which wer~ expe~ted, to give the highe~t
contribution to the genetically significant dose. In addi
tion, gonad doses to children and to adults were taken
from an investigation made by Seelentag." The figures
for dj in table VI are, according to the original paper,
mean figures including all age groups. They were ob
tained by means of formula 8 after the detailed calcula
tion of the annual genetically significant dose had been
made. The fertility factors were computed from the
official vital statistics of the population. For comparative
purposes figures ar~ presented for the annual genetically
significant dose using formula 11 and a figure for the
annual per capita dose for the whole population, dis
regarding fertility factors.
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20. France. Table VII is based upon data published
by Reboul et al. 8- 10 The sample study of ~e nun:b~r. of
different types of examinations a?d their subdivision
with regard to sex and age of the patleI,lts, was performed
in Bordeaux during 1957, and compnsed ~6,0~~ exa~l11
nations. By means of the records of the Secunte sociale
the results obtained from the sample study were extra
polated to cover the whole of France. Measurements of
the gonad doses were made during the examinations.
For the female patients, the ionization chambers were
placed on the skin at the level of. the ovaries. The fa~tors
for the ratio of ovary dose to skin dose were determined
by measurements in cadavers and phantoms. The genet
ically significant dose was computed with the use of
formula 11.

21. Italy (Rome). Table VIII is based on an inves
tigation published by Biagini, Barilla and Montanara.P
The numbers of examinations of various types, sub
divided by sex and age of the patients, are ?as~d upon a
year-long study of the number of examinations per
formed in certain selected hospitals and clinics. A special
correction was made, to exclude the examinations on
patients who were not residents of Rome. Using ioniza
tion chambers the authors arrived at gonad doses through
measurements in a phantom and in patients during the
examinations. In order to account for the variations in
the gonad doses as a consequence of differences in tech
nique and physical parameter, figures on gonad doses
were obtained as mean figures from pertinent data
presented by ten authors. The genetically significant dose
was calculated from formula 8. The fertility factors were
computed from official vital statistics of the population.

22. Japan. Table IX is based upon data from a Japa
nese report." This investigation is based upon two
sample studies, the first covered seven districts compris
ing around 80,000 examinations and the second was
representative of the whole of Japan, in which details of
66 000 examinations were obtained. The sample studies
fo; the collection of numbers of examinations lasted for
one week each. During this period, information was also
obtained on the sex and age distribution of the patients.
The gonad doses to adults and children were obtained by
measurements with ionization chambers in body-shaped
phantoms. The influence on the gonad doses as a con
sequence of variations in physical parameters was in
vestigated. No measurements were made of doses to the
foetal gonads. Fertility factors were determined from
official statistics. The genetically significant dose was
calculated according to the principles set out in formula 8.
The contribution to the genetically significant dose from
the exposure of foetal gonads was computed only for
obstetrical examinations.

23. Netherlands (Leiden). Table X presents data ob
tained from Beekman and Weber." The numbers of
roentgen examinations of various types are based upon
a study of the records from 30,000 examinations. In
formation on sex and age distribution in different types
of examination was also collected. The gonad doses were
obtained from measurements with ionization chambers
in a body-shaped phantom. The influence on the gonad
doses was studied in relation to variations in examination
techniques and physical dose parameters. The figures
presented for gonad doses are averaged with regard to
the existing ranges of techniques and parameters. The
annual genetically significant dose was calculated by
means of formula 8. For comparative purposes, formula
11 was used, under the assumption that the mean age of
child-bearing was thirty years. In addition, a per capita

annual gonad dose was calculated without regard to the
fertility factors. The fertility factors were obtained from
the official vital statistics of Leiden.

24. Norway. The data set out in table XI are extracted
from an investigation performed by Flatby.v Informs
tion on the numbers of examinations of various types
was obtained during 1957 and 1958 from all the estab
lishments in Norway where X-ray diagnosis was per
formed. The subdivision of the number of examinations
by sex and age of the patients was based on a study com
prising four diagnostic departments (40,000 examina
tions). The gonad doses were measured directly with
ionization chambers during the examination. In addition,
doses to the ovaries were also assessed by measurements
in a body-shaped phantom. The dose measurements com
prised around 1,300 patient and 100 phantom measure
ments. The fertility factors were determined from the
official vital statistics of the population. The genetically
significant dose was calculated by means of formula 8.

25. Sweden. Table XII summarizes the data on genet
ically significant dose presented in the .ComI1,1itt~e's

previous report. The data are based on the investigation
published by Larssori." Information on the numbers of
examinations of various types, subdivided by sex and:
age of the patients, was collected from a sample of hos
pital records (40,000 examinations) and corrected byan
estimate of the numbers of examinations performed by "
private practitioners. Only around 5 per cent of the total
number of examinations were carried out by these prac
titioners. These were mainly chest and small bone
examinations. Around 1,900 measurements of the doses
to the male and female gonads were performed with
ionization chambers during the actual course of examina
tion. Only the doses to foetal gonads were obtained by
measurements in a phantom. The fertility factors were
computed from the official vital statistics of the popula
tion. The genetically significant dose was calculated from
formula 8.

26. Switzerland. Table XIII is based on an investiga
tion performed by Zuppinger, Minder, Sarasin and
Schaer." Through a sample study, lasting for three .
weeks in 1957 and comprising around 65,000 examina- '
tions, information was gained regarding the numbers o(
examinations of various types, subdivided by sex and
age of the patients. The doses to the gonads were ob- .
tained partly from the authors' own measurements with
ionization chambers in patients and a body-shaped
phantom, and partly, when appropriate, from dose data
published in other countries. Since the Swiss investiga
tion started with the original intention of computing the
genetic dose to individuals below the age of forty but I

later changed to a determination of the geneticallysig
nificant dose according to formula 8, the calculations ,
were not made directly with the use of this formula,
although the principles were the same. The fertility fac
tors were determined from official statistics.

27. United Arab Republic.1T, 18 Investigations carried
out in Alexandria and Cairo during the years 1955-1961
are presented in tables XIV and XV. They are repre
sentative of the whole of Alexandria and the area west
and south-west of Cairo. Phantom measurements were
carried out on a selection of units used in these cities.
The calculations were made on the basis of formulae 8
and 11 and the results presented as a weighted mean.
The survey showed that some 17 per cent of the annual
examinations were for investigations of the Uf1l1al)'
tract. This is due to the investigation of the endemic
disease, schistosomiasis. . ;
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28. United Kingdom. The material presented in table
XVI has been taken from the report of the Adrian Corn
rnittee." The comprehensive survey covered all medical
radiology carried out in the United Kingdom, except
Northern Ireland. The numbers of examinations of
variou~ types and their distribu!ion ~y sex and age of
the patients are based on two nation-wide sample studies
in 1957, each one lasting for one week, and together
comprising around 310,000 examinations. The whole
country was divided into nineteen regions and in each
measurements were carried out in a sample of six hospi
tals. The gonad doses were obtained for 5,400 examina
tions by measurements with ionization chambers. The
methods used for making these measurements Were:

(i) Male patients: by a direct dose measurement made
with ~e <;hamber in contact with the scrotum during the
exammation ;

(ii) Female patients: by an indirect method, using
the dose to the skin at the level of the iliac crest, measured
during the course of examination, and the ratio of the
corresponding skin dose and the ovary dose, as obtained
from dose measurements in body-shaped phantoms;

(iii) Foetus: by calculations based upon dose data
derived from body-shaped phantoms.
The fertility factors were computed from official statis
tics. A separate statistical investigation was made to
determine the average number of future children to be
born to a pregnant woman. While the accuracy of this
estimation is low, the general indication is that the fer
tility factor for a pregnant woman is higher than that
for a woman in the population at large. These higher
fertility factors, although admittedly approximate, have
been used solely in computations on examinations made
in connexion with a pregnancy, viz. pelvimetry and
obstetric abdomen examinations. The genetically signifi
cant dose was calculated by the use of formula 8.

(b) 0 ther investigations

29. United States of America. Most of the national
surveys are performed in countries with small popula
tions. In countries with large populations, a small-scale
study may not truly reflect the situation, especially when
there are great variations within the country in the pa
rameters that determine the genetically significant dose.
For the United States, Laughlin and Pullman" made an
estimate of the annual genetically significant dose, on the
basis of those data in the literature up to 1955, using
formula 11. They arrived at a figure of 50 + 25 mrem
as a minimum estimate and a more probable estimate of
140 -t- 100 mrem. With the same formula, Norwood
et al.~1 calculated the annual genetically significant dose
caused by X-ray diagnosis for the inhabitants of a small
American town to be 4S mrern, Another United States
investigation 22 covers the employees of the Oak Ridge
National Laboratory who were regarded as patients. The
annual genetically significant dose from X-ray diagnosis
was found to be 50 mrem (13 mrem caused by exposure
of male patients and 3S mrem by exposure of female
patients). The results of the two later investigations are
within the range of the minimum estimate obtained by
Laughlin and Pullman.

30. USSR. In the USSR no calculations of the genet
ically significant dose arising from medical X-ray diagno
sis have yet been published. However, Pobedinsky" has
published data on the doses to the gonads during diag
nostic X-ray examinations, e.g. chest, stomach (barium
meal), kidneys, gall bladder, pelvic region, lumbar spine
and lumbosacral region. The data, which are based

u~o~ dose measurements in a body-shaped phantom, are
within the ranges of the individual gonad doses pre
sent~d in tables XVIII and XIX. Data have also been
p~bhshed. by Vikturina.t- Provided there are not sig
Il;dicant differences in the age distribution of the pa
tients and m the numbers of examinations of various
~ypes, i~ is. reasonable to believe that the annual genet
ically significant dose from X-ray diagnosis in the
USSR IS of the same order of magnitude as the doses
presented in the summary table, XXIII.

( c) Mass survey e%aminations of the chest

31. Since mass survey examinations of the chest are
frequently performed in many countries, current interest
has been devoted to the doses associated with this type
of examination. In table XVII data have been collected
fr?m various countries and areas for gonad exposure in
this type of survey examination. In most countries these
examinations are performed as mass miniature radio
graphy (photo-fluorography). The table shows that these
radiographic examinations, in spite of their high num
bers, give a very low genetically significant dose. In some
countries, however, survey examinations are performed
by means of fluoroscopy. These examinations give in
dividual gonad doses which are up to 100 times higher
than those given by mass miniature radiography. Even
if the doses to the gonads are much lower than in many
other types of examination, the high number of these
fluoroscopic examinations among individuals in the pre
fertile and fertile ages may cause a considerable contri
bution to the genetically significant dose. Therefore, in
order to reduce the dose, mass miniature radiography
should be used when practicable rather than mass survey
fluoroscopy.

(d) Comments
32. Certain types of examination, mainly those of the

pelvic region, together contribute 85-95 per cent of the
genetically significantdose. This is shown in table XXII.
However, in terms of numbers of examinations, these
examinations represent only about 15 per cent of the
total in those countries where the contributions from
chest and mass survey examinations are small.

33. The following points from the national tables re
quire further explanation:

(i) In table VI, relating to Hamburg, the colon ex
aminations are responsible for a third of the total genet
ically significant dose. Holthusen et al.e have explained
this as being the result of a special technique used in
Hamburg for colon examinations, involving extensive
fluoroscopy.

(ii) In japan" stomach and colonexaminations cause
50 per cent of the genetically significant dose. Table IX
shows high gonad doses for the fluoroscopy in these two
types of examination, which form 23 per cent of the
total number of Japanese examinations.

(iii) In the Netherlands (Leiden) (table X),lB pelvi
metric examinations are never performed and the num
ber of obstetrical abdomen examinations is very low.
Although the investigation reflects only Leiden, this
statement is valid for the whole of the Netherlands.

(iv) Table XII, relating to Sweden," shows a high
contribution to the genetically significant dose caused by
foetal exposure during :pe1v~metry. ~ince the inv~stiga
tion was made, the examination technique for pelvimetry
has been changed in Sweden with the result that the
dose to the foetal gonads has been decreased to a small
fraction of the previous dose."
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(v) Table XVI (United Kingdom) shows that ob
stetrical abdomen examinations form nearly 70 per cent
of the genetically significant dose caused by foetal
exposure."

34. In table XXIII, the annual genetically significant
doses arising from X-ray diagnostic procedures in
various countries and areas are brought together. The
contributions to the genetically significant dose caused
by diagnostic exposures of males, females and foetuses
are given separately. For some countries and areas, esti
mates are also given of the uncertainty in the determina
tion of the genetically significant dose.

35. Table XXIII gives information covering popu
lations that together comprise over 200,000,000 indi
viduals (6-7 per cent of the total population of the
world).

36. Some estimates of the genetically significant dose
arising from X-ray diagnosis do not include the con
tribution from dental radiography. However; available
data show that this contribution is very small with values
ranging from 0.01 to 0.15 mrem/y,

37. In the investigations from the Federal Republic
of Germany (Hamburg)" and from the Netherlands
(Leiden)?" comparisons were made between the genet
ically significant dose computed according to formulas
8 and 11 in the appendix. The figures are set out in
table XXIII. There is good agreement between the fig
ures derived by the use of formula 8, which accounts for
the relative child expectancy of the average individual
for each type of examination, and by the simplified for
mula 11, which considers only the examinations per
formed on patients below the mean age of childbearing
(usually thirty years). The per capital dose was also com
puted for Leiden and Hamburg. In these two cities the
per capita dose is much higher than the genetically sig
nificant dose, which means that the relative child ex
pectancy factor (Wj/w) is considerably less than unity
for most of those types of examination that contribute
most to the genetically significant dose. In other countries
the per capita gonad dose may be of the same magnitude
as the genetically significant dose as indicated in the last
report. This depends upon the age distribution of the
patients within the various types of examination and the
future number of children expected to be conceived after
the exposure.

(e) Consideration of the dose-rate effect

38. As was pointed out in paragraph 10, there is now
experimental evidence with mice and insects that the
genetic effect caused by irradiation is governed not only
by the magnitude of the dose but also by the rate at
which the dose is delivered. Table XXIV presents prob
able dose-rates to the gonads during some types of ex
amination and during fluoroscopy and radiography. Be
cause of the difference in the sites of the testes and the
ovaries, the dose-rate to the ovaries is lower than to the
testes when the gonads are in the primary beam. Since
examinations usually consist of several radiographs of
various sites and in different projections, and sometimes
of both radiography and fluoroscopy, the dose-rate may
vary considerably during an examination, by a factor of
1,000 and even more. Although table XXIV presents
only probable dose-rates, these range from 0.005 mremj/
sec to 2,000 mremjsec, which is a difference of a factor
106

• The lowest dose-rate presented in the table is still
1,000 times higher than the dose-rate by which the nat
ural radiation is delivered. The range of dose-rates used
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by Russell in his experiments are quoted in table XXIV.
These dose-rates, which were used in obtaining experi
mental evidence for dose-rate dependence, are within
the range of dose-rates which occur in X-ray diagnosis.

39. Except for examinations consisting of only one
radiograph, or continuous fluoroscopy, the dose to the
patient strictly must be regarded as fractionated, even
though for most examinations the duration is short com
pared with the time cycle of cells. An exception is the
general film series taken over the alimentary tract. This
type of examination may be conducted over a period of
twenty-four hours, during which radiographs are taken
at intervals of minutes or hours. The rate of delivery
of the dose may either be represented by the actual dose
rate for each exposure, which usually does not last more
than ten seconds, or by the average dose-rate over the
total time for the examinations, e.g. twenty-four hours.
The computed rate will thus differ by a factor of 10',
depending upon the criterion used.

40. Since Russell's experiments were carried out on
mice with continuous irradiation, with a constant rate
of dose delivery at doses of 100-1,000 rem, it is not pos
sible to use his results for a quantitative determination
of weighting factors for the dose-rate dependence in the
calculation of the genetically significant dose arising
from X-ray diagnosis. Neither is there information suffi
cient to take into account the variation in the sensitivity
with the cell stage of the gamete.

(f) Reduction of the genetically significant dose

41. It is obvious that efforts to reduce the genetically
significant dose should be devoted to the types of ex
amination which give the highest dose contribution.
Since the genetically significant dose (formula 8) caused
by a type j examination (D,) is the product of the fre
quency of conducting the examination (Nj/N), the
relative child expectancy of the individuals examined
(wJlw) and the gonad dose (dj ), a decrease in the
g:ene~icallysignificant dose may be achieved by a reduc
tion III Nj, Wj or dj:

{i ) N, may be decreased by lowering the number of
type-j examinations, which means more rigorous indica
tions for the examinations;

(ii) Wj may be lowered by a reduction of the number
of examinations of young patients;

(iii) In general, however, the greatest effect in the
reduction of the genetically significant dose can be ob
tained by lowering the dose to the gonads, d j.

42. The ways of reducing the gonad dose are well
kn~wn and are recommended in most of the papers on
which the tables are based and they are summarized as
follows :26

(i) To reduce the number of radiographs per patient;
(ii) To reduce the length of time and the intensity of

exposure;
(iii) To avoid, as much as possible, pre-set schemes

of radiological examinations;
(iv) When fluoroscopy is not essential, to take radio

graphs only;
(':) To use ~he appropriate physical parameters, with

special emphasis to the use of the smallest field size;
(vi) To avoid the inclusion of gonads within the

primary beam;
(vii) To protect the testicles by adequate shielding

of scrotum during male pelvic radiologic examinations;
and



-
(viii) To train properly the staff engaged in X-ray

diagnostic examinations.

43. The Adrian Committee19 states that the result of
bringing the techniques in the 10 per cent of hospitals
showing the highest doses up to the standard of the
average technique of all the other hospitals would in
total reduce the genetically significant dose to 70 per
cent of the present one. If the techniques used by the 25
per cent of the hospitals in the survey showing the lowest
doses were used by all hospitals it would mean a reduc
tion of the genetically significant dose to less than 20 per
cent of the present value. For Sweden, Larsson'" esti
mates that an increased use of already existing examina
tion techniques, which give low gonad doses, would
mean a reduction of the genetically significant dose to
40 per cent of its existing value. Such reduction may
be achieved without detriment to the diagnostic infor
mation to be obtained from the examinations.

External radio-therapy by X-rays and sealed radio-active
sources

44. As compared to those for X-ray diagnosis, there
are few data for gonad doses and genetically significant
dose caused by exposure of patients undergoing external
radio-therapy. One of the reasons for this is that the
first investigations showed that the contribution from
external radio-therapy to the genetically significant dose
was less than the contribution from X-ray diagnosis.
However, detailed data on gonad doses and genetically
significant dose arising from external radio-therapy have
recently been obtained from the Federal Republic of
Germany (Hamburg), France and the United Kingdom.
To make estimates of the average gonad dose received
during the treatment of anyone disease is more difficult
than for one diagnostic examination since a disease such
as eczema may affect any area of the body and the details
of the actual treatment are not always available. There
fore details of the treatment of a large number of
patients are required to get a representative distribution
of the sites affected by a particular disease.

45. Radio-therapy is used in the treatment of non
malignant and malignant conditions. It is necessary to
consider in any calculation of genetically significant close
from radio-therapy the effect of the disease itself and
the irradiatio-n on the relative child expectancy. It may
be assumed that neither the non-malignant conditions
nor the radiation doses, with the possible exception of
those in the regions of the gonads, affect the fertility of
the patients. However, for patients suffering from
malignant conditions the life expectancy is usually
shorter than in the general population and in each age
group of such patients a lesser number of children will
be conceived as compared to the statistics for the whole
population. The irradiation itself may cause decreased
fertility, which would also reflect upon the number of
children to be expected.

(a ) National surveys

46. Federal Republic of Germany (Hamburg): The
investigation performed by Holthusen, Leetz and
Leppin" also covers radio-therapy. The number of pa
tients treated for various conditions, subdivided by sex
and age, and the individual gonad doses were arrived
at by the same methods as were used for X-ray examina
tions (para. 19). In their calculations Holthusen et al.
have taken the fertility factors to be zero for patients
who have been irradiated for malignant diseases, and
presume that the genetically significant dose caused by
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external radio-therapy arises only from irradiation for
non-malignant conditions. The annual genetically sig
nificant dose is presented in tables XXV and XXIX in
which the genetically significant dose is subdivided by
various locations of treatment. The individual gonad
doses and the numbers of patients treated are also set out.
The genetically significant dose was calculated from
formula' 8. For comparative purposes, Holthusen et al.
also calculated the genetically significant dose, using
formula 11, and the per capita dose for the whole popu
lation (para. 19).

47. France. The figures for France in tables XXVI
and XXIX are based upon an investigation by Reboul
et 01. 27 who determined the number of patients who un
derwent external radio-therapy for various conditions in
a large hospital. By means of information from the
Securite sociale, these numbers, subdivided by sex and
age, were extrapolated to cover the whole of France. The
doses to the gonads in various types of treatment were
measured with ionization chambers in the same way as
has been described in paragraph 20. The genetically sig
nificant dose was calculated according to formula 11. In
the cases of non-malignant conditions, only around 7 per
cent of the dose, expressed by ~N J 'dl> was estimated to
have been given to patients below the age of thirty. When
the contribution to the genetically significant dose from
the treatment of malignant conditions was calculated
the cases with the most severe prognoses were disre
garded. Also, the cases where the irradiation was ex
pected to have caused sterility were disregarded. From
the remaining cases, the numbers of patients below thirty
years of age were estimated by means of their hospital
records, These patients together form around 6 per cent
of all those treated for malignant conditions.

48. Netherlands. The data presented in tables XXVII
and XXIX are from an investigation by Scholte et al.28

for the period 1942-1951 based on radio-therapy treat
ments in three large hospitals in The Hague, Leiden and
Rotterdam. The survey does not include any contribution
from dermatology. The calculations were made according
to formula 8 and it was possible to use the actual number
of children born to the patients up to 1960. The number
of children conceived by the patients who received high
gonad doses from pelvic region irradiation were only
53 per cent of those which would be expected from the
number of legitimate live births in the period 1955-1959
in the Netherlands. Even though these statistics are not
strictly comparable they emphasize the effect of the dis
eases and the irradiation itself on the relative child
expectancy compared with that based on average values
of the population.

49. United Kingdom. The data presented in tables
XXVIII and XXIX have been taken from the report of
the Adrian Committee" which covers the United King
dom except Northern Ireland. The numbers of patients
treated for various conditions, subdivided by sex and
age, were calculated from a sample study during three
months in 1957 of all treatments carried out in United
Kingdom hospitals and comprising around 30,000 pa
tients. The doses to the gonads were calculated from in
formation on the dose parameters used in various
hospitals and private clinics and the results of dose
measurements in a phantom under various conditions.
The genetically significant dose was calculated according
to the principles set out in formula 8. In the calculations
of the contribution from radio-therapy of non-malignant
conditions, it was assumed that the child expectancy was
zero for all patients in whom an artificial menopause was



induced. For all other non-malignant conditions the fer
tility factors obtained from population statistics were
used. In the calculation of the genetically significant dose
caused by external radio-therapy of malignant conditions,
due attention was paid to the changes in the fertility fac
tors, as determined from official statistics, that are caused
by the shortening of the patients' life expectancy and by
the reduction in fertility, due to the radiation received
by the gonads.

{b) Other investigations

SO. In the United States, Clark'" estimated the annual
per capita dose of the total population due to external
radio-therapy to be 12 mrem, He assumed that the gonad
doses arising from irradiation for malignant conditions
were of no genetic significance. A survey of the indi
vidual gonad doses received has also been carried out
by Bailey.8D

51. A survey by Purser and Qvist81yields an estimate
of the annual genetically significant dose in Denmark
( Copenhagen) of 1 mrem. In the Danish estimate, re
duced fertility as a consequence of the severity of the
prognosis of the disease and of the actual irradiation
was allowed for by subdividing the patients into three
groups, with the fertility factor being zero, one-fifth of
normal, and normal, respectively. Twenty-two per cent
of the genetically significant dose was assumed to arise
from treatments of malignant disease.

52. For Australia, Martin82,88 estimated the annual
genetically significant dose from external radio-therapy
to be 28 mrem. The estimate was made using the appro
priate survival rates from the Central Cancer Registry.
I t was assumed that the prospects of parenthood were
not impaired by the treatment, except for those patients
receiving doses which would cause sterilization.

53. In the United Arab Republic (Cairo) a survey
has been carried out in 1959-1960 of the frequency of
treatments by X-rays.84,85

(c) Comments

54. Compared to the genetically significant dose orig
inating from X-ray diagnosis (table XXIII) the genetic
ally significant dose from external radio-therapy (table
XXIX) is small. However, the individual gonad doses
received from external radio-therapy are larger than
from an X-ray diagnosis examination.

SS. It is the practice in some countries to use radiation
for so termed ovarian stimulation in cases of sub
fertility. Little data are available regarding the numbers
of such treatments but a reports" shows that, in 33 insti
tutions surveyed in Buenos Aires, 222 cases were treated
in 1960representing some 2 per cent of the total number
of patients treated by radio-therapy for non-malignant
and malignant conditions. The radiation used was gen
erated at 200-250 kV and the average dose to the ovary
was 60 rem with a range of doses from 35-110 rem.

56. In the German investigation" the annual genetic
ally significant dose was calculated according to both
formula 8 and formula 11. The per capita dose for the
whole population was also calculated. On the basis of
the data from investigations in France" and the United
Kingdom" the per capita dose to the population arising
from the treatment of non-malignant conditions in each
of the two countries has been estimated. The figures
are set out in table XXX. As expected, the per capita
doses are higher than the genetically significant doses.
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Clark's figures for the United States of America," 12
mrem, should be compared with the figures in the last
column of table XXX, which are 6.5,21 and 9 mrem in
the Federal Republic of Germany (Hamburg), France
and the United Kingdom respectively. The explanation
for the difference between the figures for per capita dose
and genetically significant dose is the same as was given
in paragraph 37.

57. Both in the Federal Republic of Germany (Ham
burg) (table XXV) and the United Kingdom (table
XXVIII) the major part of the genetically significant
dose caused by external radio-therapy for non-malignant
conditions originates from treatments of the skin
(around 55 and 75 per cent respectively). In France
(table XXVI) the bulk of the corresponding genetically
significant dose arises from treatment to the lumbar
spine and the hips.

(d) Consideration of the dose-rate effect

58. For the reasons indicated in paragraphs 10 and
38 the probable dose-rates to the gonads during external
radio-therapy of certain treatment areas, are given in
table XXXI. The dose-rates have been calculated as
suming a maximum dose-rate at the treatment site of 50
rem per minute. Since high doses to the gonads may
cause sterility or reduced fertility, treatment sites have
not been included in this table when the dose to the
gonads during a complete treatment is estimated to ex
ceed 200rem. The dose-rates range between 0.002 mremj
sec and 50mrem/sec, which means that the highest dose
rate is around 104 times greater than the lowest one. This
range of dose-rates covers the lower portion of the range
used by Russell in his experiments.

59. In most instances external radio-therapy is ad
ministered in fractionated doses. In external therapy for
non-malignant conditions a total dose seldom exceeds
3,000 rem given over a period of two to three weeks,
while for malignant conditions doses to the treated vol
ume of up to 7,000 rem may be given. The period of
treatment is varied, dependent on the total dose, up to
about seven weeks. If the gonad dose-rates are calcu
lated as mean dose-rates over these periods, the figures
in table XXXI should be divided by a factor of around
lOs. The lowest dose-rates would then be of the same
magnitude as the delivery rate of natural radiation
(3.10-6rem/sec).

60. In radio-therapy, as in X-ray diagnosis (para. 40),
it does not seem possible to use Russell's results for a
quantitative determination of weighting factors for the
dose-rate dependence in the calculation of the genetically
significant dose. Neither is there information sufficient
to take into account the variation in the sensitivity with
the cell-stage of the gamete.

•
(e) Reduction of the genetically significant dose

61. In contra-distinction to X-ray diagnosis, where
the radiation is a means for producing an image on a
screen or a film, the dose in radio-therapy to be delivered
to an actual part of the body is determined with regard
to the effect that is sought by the treatment. With refer
ence to paragraph 41, N j, W j and d, govern the genetic
ally significant dose. Regarding malignant conditions,
where there are strong indications for treatment, N, and
w, cannot be expected to undergo changes in favour of
reduced genetically significant dose. For non-malignant
conditions, it might be possible to reduce N, and Wj by
using stricter criteria for the treatment of non-malignant



conditions, especially among young patients. Reductions
in the individual gonad doses, dj, when the gonads are
not the sites of the irradiation, may be obtained as
follows:

.( i) By the use of strictly appropriate physical condi
tions of exposure, placing emphasis on the smallest pos
sible radiation field and, for instance, the use of low
energy radiation and beta-emitting sources in skin
therapy; ,

(ii) By satisfactory shielding against leakage radi
ation;

(Hi) By the use of scrotum protection;
(iv) By adequate positioning of the patients during

treatment so that the gonads are as far away as possible
from the primary beam.

Administratio1't of radio-isotopes

62. Only a few national surveys exist on the contribu
tion from the medical use of unsealed radio-isotopes to
the genetically significant dose. It is assumed that this
contribution is even less than the contribution from ex
ternal radio-therapy. The number of cases to whom the
isotopes were administered and the total quantities of
isotopes are given in table Ill.

63. Since unsealed radio-isotopes are used for both
malignant and non-malignant conditions, the same
allowance described in paragraph 45 has to be made for
possible changes in the fertility factors among patients.
This means, for instance, that Auus, although used in
considerable quantities for treatment '(table Ill) has
been considered to be of no genetical significance.

(a) lVational surveys

64. In the present annex, national surveys and esti
mates of genetically significant dose are presented from
Canada, the Federal Republic of Germany (Hamburg),
the United Kingdom and the United States of America
(table XXXII).

65. Canada. The figures in table XXXII are taken
from an investigation published by Johns and Taylor;"
They considered patients below thirty years of age
(formula 11) but did not make any correction with
regard to severe prognoses for malignant conditions.
pSl formed 75 per cent and pS2 25 per cent of the genet
ically significant dose from the administration of radio
active isotopes.

66. Federal Republic of Germany (Hamburg). Hol
thusen et al.6 have studied the genetically significant dose
f ram PSl (table XXXII). The dose was calculated
according to formula 8 but the malignant conditions were
disregarded (cf. para. 46).

67. United Kingdom. The Adrian Committee's re
sults-" are presented in table XXXIII. The genetically
significant dose was calculated from formula 8 and the
normal fertility factors were modified for some of the
malignant conditions. In table XXXIII the annual genet
ically significant dose is subdivided into the diagnostic
use of radio-isotopes and their use for the treatment of
malignant and non-malignant conditions. PSl delivers
60 per cent and pS2 40 per cent of the genetically sig
nificant dose from the administration of radio-active
isotopes.

68. United States of America. ChamberlainBB has
estimated the annual genetically significant dose from
the medical use of unsealed radio-isotopes. His results
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are presented in fable XXXII. The dose was calculated
according to the principles of formula 11 and the genet
ical significance of treatment for conditions with severe
prognoses was considered. It was estimated that only
the use of pSl gave a dose of genetical significance.

69. In the national surveys presented above (paras.
65-68), calculation of the gonad doses was based
on existing information regarding deposition in various
organs and tissues and the effective half-lives of the
radio-isotopes in question. In table XXXIV, some results
are presented for gonad doses arising from the admin
istration of 1 me PSl or P32.37.SD-n Weijer et al.sD ob
tained their results from measurements on patients with
different diseases, thus allowing for disturbances in the
normal distribution of pSl in the body. Regarding Il8l,
Johns and Taylor'" found that the beta and gamma com
ponents formed 50 per cent each of the gonad dose. The
figures in table XXXIV, or results from other investiga
tions, can be used for estimating the genetically signifi
cant dose arising from the medical use of unsealed
radio-isotopes in various countries.

(b) Comments

70. The contribution from the administration of
radio-isotopes to the genetically significant dose is small
(table XXXII) as compared to X-ray diagnosis (table
XXIII) and external radio-therapy (table XXIX).
Between 5 and 15 per cent of the genetically significant
dose caused by the administration of radio-isotopes
originates from their use for diagnostic purposes. The
individual gonad doses are estimated to range between
2S mrem and 200 rem.

(c) Consideration of the dose-rate effect

71. The dose to the gonads from a deposited radio
isotope is received through continuous irradiation, with
a decreasing rate of delivery as a consequence of the
excretion and the decay of the radio-isotope. The initial
dose-rate to the gonads per millicurie administered pSl
or pS2 is of the order of 1O-s rnrerrr/sec. This estimate
does not allow for differences in dose-rates as a conse
quence of various distances from the gonads to the
deposits of activity in the body. Since the administered
amounts of radio-isotopes usually range between around
5 j.tc in diagnosis and 200 me in therapy, dose-rates may
range between 5.10-6 mrem/sec to 0.2 mrerri/sec.

72. Although these dose-rates should be regarded as
rough estimates, they are lower than the ones used by
Russell in his experiments. It is not possible at the
present time to take into account variations of dose-rate
or of the cell-stage of the gamete.

(d) Reduction of the genetically significant dose

73. Since the administration of radio-isotopes con
tributes only 1 or 2 per cent to the genetically significant
dose caused by medical exposure, there is no urgent need
for improvements aimed at lowering this contribution.
The amounts of radio-isotopes used can be decreased in
diagnostic investigation by further improvement of the
sensitivity of the measuring instruments and by the use
of in vitro rather than in vivo tests. Particular care is
necessary when labelled substances are used which are
incorporated into the chromosomes, such as thymidine,
for these may result in high radiation doses to the genetic
material. In therapy, deposits of radio-isotopes in organs
and tissues which are not objects of treatment, can some
times be reduced by special measures. For instance, high
fluid intake following pSl administration induces fre-
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quent micturition, thus reducing the residual time in the
bladder of the excreted radio-isotope." This causes a
decrease in the dose to the gonads.

Summary

74. The annual genetically significant dose from
medical exposure has been shown to be in the range 6-.58
mrem from diagnostic radiology .for. those countr~es

given in table XXIII. The contribution from radio
therapy and the use of radio-active isotopes has been
shown in tables XXIX and XXXII to be 10 the ranges
2-13 mrem and 0.18-0.42 mrem respectively. Due to the
many national and international reports on the subject
which have been issued in the last seven years there IS a
greater awareness of the desirability of redu~ing the
genetically significant dose. This has resulted 11; many
countries in a downward trend in the levels estimated.
For the purposes of making comparisons of risk in
annex H it has been accepted according to table XXIII
that a representative value of the genetically significant
dose would be 30 mremjy from diagnostic exposure and
5 mremjy from radio-therapy.

EXPOSURE OF THE BONE-MARROW

75. This section of the annex summarizes the data
regarding the doses received by the active bone-marrow
of patients undergoing radiological examinations or
treatments. This tissue is regarded as the significant one
in respect to the induction of leukaemia by radiation
(D, 254-271, 485-489). It has been suggest~d (H,?) that
the mean dose to a tissue should be used, 10 the hght of
present knowledge, for the assessment of the effects of
radiation at these dose levels. The term "mean marrow
dose" is defined as the dose received by any portion of the
active marrow averaged over the whole mass of active
marrow. The mean marrow dose can either be given for
an irradiated individual or as a per capita dose for a
population.

Determination of the mean marrow dose

76. The marrow doses presented below are given as
individual mean marrow doses for various types of
radiological procedure. Mean marro,,;, doses a:e 1;1su~lly

. obtained from dose measurements WIth small ionization
chambers placed either on the skin in the radiation field
or at the actual site of the primary irradiated bone
marrow. In the latter case, the measurements are made
in phantoms which undergo the irradiation procedures.
The phantoms should represent as closely as possible,
in size, shape and material, the radiation conditions
in vivo. Since measurements with ionization chambers
express exposure doses in roentgens under give~1 con
ditions, the absorbed doses have to be calculated WIththe
application of appropriate conversion factors. When
calculations are based on exposure doses to the skin, the
dose figures have to be multiplied by the percentage depth
dose at the location of the bone-marrow in question,
corrected for the shielding effect of the bone surrounding
the bone-marrow.

77. In soft tissues adjacent to bone, the absorbed dose
is increased by secondary electrons, which are generated
in the bone. This should be allowed for in the calculation
of the absorbed dose to the bone-marrow. A discussion
of this effect is included in the report of the ICRU.4 2 A
typical example from this report shows that within a
marrow cavity of size 400 fL, irradiated by radiation of
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photon energy 50 keV, there is a 13 per cent increase in
the dose received by soft tissue remote from bone.

Distribution of active bone-marrow

78. The calculation of the mean marrow dose pre
supposes knowledge of the distribution in the body of
the active bone-marrow. A comprehensive study was
carried out by Mechanik " of the quantitative distribu
tion of the total bone-marrow in adults. A summary of
his data has been published by Woodard and Holodny."
These studies do not, however, give any information on
the distribution of the active marrow. Studies on the
distribution of the active marrow have shown that before
birth the liver and spleen are the major erythropoietic
organs, the activity of the liver being equal to that of the
bone-marrow at 772 months. At birth all bones which
contain marrow have active red marrow; however with
increasing age this is gradually replaced in some bones
by inactive yellow marrow. By the age of eighteen to
twenty years little red bone-marrow exists in the limb
bones, except for the proximal epiphysis of femur and
humerus.s" A gradual replacement also takes place in all
adult bones with increasing age and measurements of
this effect have been given by Custer" for the ribs,
sternum and vertebrae. Ellis " has calculated from the
data of Mechanik and Custer the distribution of total
and active marrow in the adult (table XXXV). This
table also gives the set of distribution figures that was
presented in the Committee's 1958 report.

79. Further research on the distribution of the bone
marrow is needed, for it is well known that the distribu
tion of active marrow varies very much between adult
individuals. Also diseases or other conditions which im
pose a stress on the haematopoietic system cause the red
marrow to reappear in the limb bones. Large radiation
doses to local volumes of active marrow may also cause
variations in the active bone-marrow distribution."

Dose data

80. There are few available data on mean marrow
doses from medical exposure.

X -ray diagnosis

81. In its 1958 report the Committee presented mean
marrow doses calculated on the basis of assumed average
practice and available information for various types of
examination-number of radiographs, skin doses and
depth dose data. Several of these dose figures are set
out in table XXXVI, together with the results from a
Danish investigation performed by Buhl." and from
measurements by Epp et al.~O, 01 A national survey has
been conducted in the United Kingdom (para. 28) and
extensive phantom measurements at eleven marrow sites
are being used to derive a per capita mean marrow dose.

82. Even though the investigations presented in table
XXXVI show differences between the dose figures in
each of several types of examination, the order of the
types of examination with regard to the size of the dose
is nearly the same in the investigations. These types are
examinations of the upper and lower gastro-intestinal
tract (barium meal and barium enema), the gall bladder,
dorsal and lumbar spine, and the lumbosacral region.
Pelvimetry also belongs to those types of examination
giving among the highest mean marrow doses. The dif
ferences in the dose figures reported for anyone exami
nation are due to the variations in the assumed extentand
techniques of the particular examination and the values
of percentage depth doses used.



83. It is obvious that the mean marrow dose will de
pend upon the field size and the incident skin dose.
Another parameter that influences the magnitude of the

. mean marrow dose is the quality of the radiation used.
For radiography of the chest, Epp, Weiss and Laughlin"?
showed that a low kilovoltage technique (60 keV, 1-2 mm
Al filter) gives 50 per cent greater mean marrow dose
than kilovoltages between 80 and 120 (2-3 mm Al filter) ,
for which the mean marrow dose is nearly constant.
Weber'" has reported similar results for radiography of
the stomach (barium meal) and abdomen. He found
50 per cent higher mean marrow doses at 70 keV (2 mm
Al filter) than at 90 keV (3 mm Al filter).

84. In paragraph 31 it was pointed out that in some
countries mass survey examinations of the chest are
performed by means of either fluoroscopy or radiogra
phy (table XVII). Skin doses to patients from fluoros
copy may amount to more than 100 times the skin dose
when radiography is used.58 While reported mean mar
row doses for mass survey examinations of the chest
using radiography range between 50 and 100 mrem,
it has been calculated that mass survey fluoroscopy in
Austria, France and Spain gives mean marrow doses
averaging 1,900, 1,200 and 1,300 mrem respectively."
For Belgium and Switzerland, the corresponding doses
were reported to be 380 and 230 mrem respectively. The
doses are set out in table XXXVII. Owing to differences
between apparatuses and the duration of the fluoroscopy,
the individual mean marrow doses range from around
200 mrem up to around 4,000 mrem, Since many of the
examinations in France" are made on young people
(40 per cent on individuals below the age of twenty)
the figures for the mean marrow doses, calculated by
means of distribution figures for the active marrow in
adults, may be rather uncertain (para. 78). It is obvious
from this table that in order to reduce the dose, mass
miniature radiography should be used rather than mass
survey fluoroscopy (cf. para. 31).

85. In the 1958 report of the Committee (annex C,
para. SO) an estimate of the population per capita bone
marrow dose was made and it was suggested that it
might be of the order of 50-100 mrern/y, The Committee
has no reason to alter this estimate, as little information
has been obtained since the last report.

External radio-therapy by X-rays and sealed radio
active sources
86. Few data on bone-marrow doses are available at

present for patients who have undergone radio-therapy.
Comprehensive measurements of the radiation doses to
the spinal marrow in a phantom were carried out by
] ones and Ellis'" as part of the survey by Court Brown
and Do1l64 on patients irradiated for ankylosing spondy
litis. Maudal!" has also made measurements of doses to
organs and tissues for several sites of treatment. The
latter investigation also gives data regarding the dose
received by sites outside the primary beam. Further
measurements have also been conducted in the United
Kingdom as part of the national survey. All these meas
urements give the dose at the particular site in terms of
100 rem incident at the skin. Table XXXVIII gives rep
resentative values of the mean marrow dose received
during such treatment.

87. Holodny, Lechtman and Laughlirr" have reported
mean marrow doses arising from the treatment of cervix
carcinoma with radium applicators. Their results, pre
sented in table XXXVIII, are based on measurements
of the doses in a body-shaped phantom at different sites
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of the bone-marrow. They calculated the mean marrow
doses by means of Ellis's distribution figures for active
marrow .

88. Mean marrow doses to children below two years
of age who were treated with radium skin applicators for
haemangioma have been reported by Nordberg." Dose
measurements were made in a phantom which, in shape
and size, corresponded to a child below the age of two.
It was assumed that the active bone-marrow is dis
tributed throughout the skeleton. The mean marrow
doses were calculated by means of the data on the dis
tribution of marrow space given by Woodward and
Holodnyv' assuming that the distribution of marrow
space in children is the same as in adults. The results
are given in table XXXVIII and the distribution figures
used are presented in a footnote to the table.

Administration of radio-isotopes

89. The data at present available to the Committee on
relevant parameters for 11131, p32 and AU19B do not suffice
for estimating the individual mean marrow doses with
any certainty. The estimates of the total dose to the
blood following administration of these isotopes give a
first approximation of the mean marrow dose.BT,39

Comments

90. The mean marrow doses caused by external radio
therapy are, of course, much higher than the ones caused
through X-ray diagnosis. A diagnostic examination of
the lumbar spine results in a mean marrow dose of 100
400 mrem, but the treatment of this site for non-malig
nant conditions may give a mean marrow dose that is
100 times greater. In certain types of radio-therapy for
malignant conditions, the mean marrow doses may be
even higher.

DOSE TO OTHER ORGANS AND TISSUES OF
SPECIAL INTEREST

General remarks

91. The organs and tissues which, in addition to the
gonads and the bone-marrow, are usually considered of
special interest with regard to radiation doses are the
foetal tissue, the lenses of the eyes, the thyroid, skin,
and the liver. Information regarding the effects caused
by the irradiation of these organs are given in annex D
together with analyses of the radiation doses which have
caused them. Other information is given in the report
of the meeting, held at the Committee's invitation, of the
ICRP/ICRU Study Group in 1960,58

Data

92. Table XXXIX gives a few examples of the radia
tion doses which may be received by these selected tissues
as a consequence of various radiological procedures. The
doses must not be considered as being the results of
extreme circumstances but as figures obtained from
radiological procedures at present or recently used in
various countries. Particular points regarding each tissue
are given in the following paragraphs.

Foetal tissue
93. During the first two months after conception, it

may happen, because of unawareness of pregnancy, that
women undergo various kinds of radiological procedures'
which would not have been performed if the pregnancy
had been known. Because of the small dimensions of the
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foetus at this stage, the foetal dose can be regarded as
the same as the dose to the maternal gonads. Data regard
ing the incidence of malignancies following irradiation
in utero are given in annex D, paragraphs 277-285, and
table VII.

Lens of the eye

94. Full mouth examination and encephalography are
two X-ray diagnostic procedures which may give sub
stantial doses to the lens of the eye. Similarly, treatment
of lesions of the eye, or in the region of the eye, may
also contribute high doses. Data regarding the formation
of cataract or lens opacity is given in annex D, para
graphs 91-93, 289-307 and 443-445.

Thyroid

95. Tests of thyroid functions are frequently per
formed in most countries. The dose to the normal adult
thyroid is about 1.5 rem per p.c administered P81. Barium
swallow and examination of the cervical spine are as
sumed to be the two types of commonly performed
X-ray diagnostic procedure which give the highest dose
to the thyroid. The treatment of hyperthyroid conditions
and heart conditions with pSl gives doses of the order
of 10,000 rem to the thyroid (see para. 96 below)
(D, 286, 402-404).

Thymus

96. In some countries enlarged thymus glands have
been treated by radiation with doses of the order of 200
rem. In annex D, paragraphs 263-272, 485 and table VI,
data are given regarding surveys carried out on the
incidence of leukaemia and thyroid cancer in these
patients.

Liver

97. The use of thorotrast as a contrast medium in
diagnostic radiology has been curtailed since its possible
deleterious effects have been recognized. The effects
observed are sequelae at the site of injection and the
induction of liver malignancies. Reports of surveys of
patients injected with thorotrast have been given by
Hursh et al./o Baserga," Lconey'" and Blomberg eta~,62

Studies of the radiation doses received have been carried
out by Rotblat and Ward'" and Rundo.v- 65 A comparison
of the doses to various body tissues over twenty years
from an inj ection of 20 ml thorotrast is given in table XL
from Marinelli.66

Reduction of doses to various organs and tissues
including the bone-marrow

98. Earlier in this annex (paragraphs 41, 42, 61) the
Committee has considered ways of reducing the doses to
the gonads. Most of these measures are also applicable
for the reduction of doses to other organs and tissues
and can be summarized as follows;

(a) Improved methods of radiological procedure;
(b) The use of strictly appropriate physical condi

tions of exposure, including the smallest possible radia
tion field and good collimation of the beam;

(c) The reduction of the incident skin dose, e.g. by
reducing fluoroscopy time;

(d) Satisfactory shielding against leakage radiation;
(e) The use of radio-active isotopes in diagnostic in

vestigations utilizing in vitro rather than in vivo tests and
the use of the nuclide with the shortest half life con
sistent with the requirements of the investigation; for

example, p82 may be used rather than p8l for some thy
roid investigations.

(f) Well-trained staff of all categories for the per
formance of the procedures.

FIELDS OF RESEARCH

99. The present state of knowledge requires that con
sideration should be given to the following items and
that research in these fields should be encouraged:

(a) The promotion of statistical studies concerning
the number of people medically exposed;

(b) Follow-up studies on the offspring of pregnant
patients having radiological examinations or treatments
of the pelvic region;

(c) Follow-up studies of patients having had (i)
radio-therapy for non-malignant conditions such as
ankylosing spondylitis and enlarged thymus; (ii) 1131

treatment, or (iii) diagnostic examinations using thoro
trast as a contrast medium;

(d) Investigations aimed at defining good practice!
in diagnostic radiology so that minimum gonad doses an
received;

(e) Investigations of the effect of dose-rate on tht
production of mutation;

(f) More quantitative information on the distribu
tion of active marrow and how it varies with age;

(g) Investigations of the dose received by the bone
marrow during radiological procedures.

ill. Occupational exposure

100. In the introduction to the present annex (para
3) the Committee considered the term "occupational ex
posure" as being applicable to all activities involvim
exposure of individuals to ionizing radiation in th
course of their work, regardless of whether they ar
directly engaged in radiation work or not.

NUMBER OF INSTALLATIONS AND RADIATION WORKERS

101. Work with ionizing radiation is usually subdi
vided with regard to the purpose of the work as follows
medical (diagnosis and therapy), dental, veterinarj
industrial, research and educational, and atomic energ)
Table XLI gives the range of the number of X-ra
installations* per thousand of total population for thes
purposes in the Netherlands.s? New Zealand.s" Norway;
Sweden," Switzerland," and two areas of the Unite
States of America, New York City71 and California.'
Most of the installations for medical and dental purpose
have ~-ray apparatus only. Th~ number of X-ray hi
stallations used for veterinary, industrial, and researc
and educational purposes, is at present very small COlt

pared with those used for medical purposes.

102. Only a few data exist on the number of installs
tions where radio-isotopes are used. In California war
with radio-isotopes is performed in 6 per cent ~f th
total number of installations and most of this work j
done where X-ray work also is performed." Even i
work with radio-isotopes is carried out in the majorit
of hospitals and of industrial and research installation!
the large number of private medical and dental practi

* "Installation" covers any department or private practice. If
hospital h~s a central X-.ray department .as well as X-ray facll
ties In varIOUS other sections of the hospital each oneis counte
as an installation. '
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tioners using X-ray apparatuses exclusively, keeps the
figure low as compared to X-ray installations. It does
not seem likely that in any country the number of in
stallations where radio-isotopes are used would sur
mount 10-20 per cent of the total number of installations.

103. Table XLI also gives the ranges of the numbers
of individuals per 1,000 of the population directly occu
pied in radiation work in the countries listed in para
graph 101.

RECOMMENDATIONS ON THE CONDITIONS OF WORK

104. Recommendations regarding the exposure of
workers to ionizing radiation have been made by the
ICRP.l The doses to which their suggested limits apply
do not include the contributions from natural sources of
radiation, or from the exposure of the workers for medi
cal reasons. The maximum permissible levels of exposure
are kept under constant surveillance and the present
recommendations state that for the dose "accumulated
in the gonads, the blood forming organs and the lenses
of the eyes, at any age over 18, shall be governed by the
relation D = 5 (N-18) rem where D is tissue dose in
rem and N is age in years". The ICRP goes on: "To the
extent the formula permits, an occupationally exposed
person may accumulate the maximum permissible dose
at a rate not in excess of 3 rem during any period of
13 consecutive weeks". Exposure limited to certain parts
of the body, such as the extremities, or to single organs,
as in the case of internal exposure, is subject to special
recommendations allowing somewhat higher doses.
Based on these recommendations many national and in
ternational organizations have produced their own rules
and recommendations.

DOSE INFORMATION FROM INDIVIDUAL MONITORING

105. Table XLII sets out average figures for the an
nual occupational exposure to individuals from external
x- and y-ray sources in various kinds of radiation work
in Argentina," Canada," the Netherlands," Norway,"
and the United Kingdom." In Norway and the United
Kingdom, for which doses are given separately for diag
nosis and therapy, the annual doses in therapeutic work
are higher than in diagnosis. This may be explained by
the fact that therapeutic work involves the handling of
radium applicators. It is necessary that there be a con
tinuous improvement of protection devices, especially for
work with radium applicators.

106. Even though the average values received by
workers are of interest, the distribution of doses and the
number of personnel exceeding the recommended annual
level is of more importance. A comprehensive analysis
of the doses received by the 12,000 workers in the
Federal Republic of Germany has been given by Wachs
mann" and shows for the years 1952 to 1959 the gradual
reduction in the number of persons exceeding the rec
ommended level. In 1952, 23 per cent exceeded 0.4
remj/mo while in 1958 only 4 per cent were observed.
The division of these into medicine, industry and re
search showed that 31 per cent, 12 per cent, and 14 per
zerrt respectively of the personnel working in these fields
exceeded 5 rem/y. It is known that there has been over
:he last decade a great improvement in the doses received
ly workers so that reports": 75, 77 show that only 0.1-0.5
Jer cent of the dose measurements show doses of such a
nagnitude that the individual, if these doses continued
o be recorded, would exceed the maximum permissible
inrrual or quarterly levels.
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107. For atomic energy work, detailed results have
b~en published on.the extensive monitoring of indi
viduals for occupational exposure. Table XLIII gives
data on occupational exposure from penetrating radia
tion at Oak Ridge National Laboratory, United States.P
the establishments of the United Kingdom Atomic
Energy Authority.I'' Argentina;" Canada" and the
United Arab Republic." .

Internal contamination

108. As far as occupational exposure caused by in
ternal contamination of the body by radio-isotopes is
concerned, surveys are frequently made on the radio
activity in the air and water and by whole body counting
and urine surveys the inhaled or otherwise absorbed
radio-isotopes may be estimated. During usual working
conditions the surveys have given concentrations far
below the highest permissible concentrations, corrected
to allow for occupational exposure by external radiation.
At Oak Ridge National Laboratory" the level of air
contamination in the laboratories during 1959 was only
0.4 per cent of the assumed maximum permissible con
centration (10-11 p.c/cm3 of air). Regarding surveys of
body burdens of radio-isotopes, practically no concentra
tions beyond the maximum permissible ones have been
detected for radio-isotopes other than uranium.rv Sl

Mining: industrial processing of uranium and thorium

109. High concentrations of radon and thoron and
daughters exist in mines. In areas of poor ventilation
where high-grade uranium ores or radium enriched resi
dues are stored, the radon concentrates may be as high
as 1O-~ to 10-5 p.c/cm 3 of air. s 2 Experience has shown,
however, that the concentrations of radon daughter prod
ucts can be greatly reduced by forced ventilation.ss
During the industrial processing of uranium and tho
rium, fine dusts are often produced and precautions must
be taken to prevent inhalation of them.s~,85 Consideration
of these hazards is given in the report of the United
States National Academy of Science on the effects of
inhaled radio-active particles," which also gives data
regarding the radon concentration in seventy-five ura
nium mines surveyed in Utah. Information is also avail
able for the Argentinian," Canadian.s" French;" and
South African'" uranium mines, and the phosphate mines
in the United Arab Republic." Since uranium is excreted
very rapidly from the body, concentrations of the iso
tope can easily be detected in man. In the workers in
Argentiniarr" mines mean levels of uranium in the urine
vary from 2-29 micro grams excreted per 24 hours.

Luminizing industry

110. Total body burdens of 273 persons employed in
the luminizing industry have been measured in the
United Kingdom." Ten of these were found to have
body burdens in excess of 0.1 uc radium, the highest
being 0.6 p.c. Twenty-nine persons had burdens between
0.05 }JoC and 0.1 p.c and 234 had burdens less than 0.05 p.c.
All those persons having burdens above 0.05 p.c were
employed before the introduction, in 1942, of the first
regulations. An incident involving the occupational con
tamination from Srno used in the luminizing industry has
been reported from Czechoslovakia."?

ESTIMATES OF OCCUPATIONAL EXPOSURE IN HIGH
ALTITUDE AIRCRAFT

111. Cosmic radiation increases with altitude. Com
mercial jet aircraft fly at an altitude of 8-12 km (25,000-

j i
!
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40,000 feet), while military jet aircraft may reach an
altitude of 16 km (50,000 feet). According to estimates
in the United Kingdom." and in the United States."
the annual radiation dose to a crew at 16 km amounts to
400-500 mrern. At an altitude of 12 km, the correspond
ing dose is around 300-350 mrem. Dose figures relate
to a northern latitude of around 40°, assuming 80 hours'
flying time per month.

112. It is anticipated that supersonic transport air
craft, if and when they become commercially available,
may fly at altitudes of up to 26 km (85,000 ft). Aircraft
crews might be expected to fly a maximum of 40 hours
per month at these altitudes. It has recently been calcu
lated by Foelsche'" that at a latitude of N 50° a crew,
under these assumptions, would be exposed to an annual
dose of approximately 1,500 mrem, However, during
intense solar flares a few hours' supersonic flight at an
altitude of 24 km may cause a dose of 8,000 mrem,
If these solar flares can be predicted in advance, aircraft
flying at very high altitudes would be able to descend to
lower altitudes before the peak activity is reached.

113. The contribution to the dose from contamination
of an aircraft by surrounding radio-active particles can
be disregarded, although the exposure of maintenance
staff has received some consideration.P-'"

114. Consideration'" has been given to the computa
tion of the radiation likely to be received by space crews
and also to the problem of determining the dose due to
protons in solar flares. D5, Do

GENETICALLY SIGNIFICANT DOSE

115. By the use of dose information obtained from
individual monitoring, the genetically significant dose
from occupational exposure has been reported from a
number of countries. Allowance has been made for the
age distribution of the workers. The estimated annual
genetically significant doses calculated from formula 11
(see appendix) give the following results:

Dose mrem Year of Estimation.
AustriallD •••.•..•.•••.•••••••••• 0.2 1955
N etherlandset 0.3 1960
United Kingdomts '. " .. 0.4 1959

In the United Kingdom, the contribution to the geneti
cally significant dose from atomic energy establishments
has been calculated to be 0 15 rnrem. There is no reason
at present to assume that the genetically significant dose
from occupational exposure in other countries would
considerably exceed the figures listed above.

MEAN MARROW DOSE

116. No data are available 011 the actual mean marrow
dose from occupational exposure. However, the values
given in table XLII may be regarded as the dose at the
skin and therefore the bone marrow doses will be con
siderably smaller.

IV. Other exposures

117. In addition to the doses received by individuals,
either as patients undergoing medical radiological pro
cedures or by radiation workers during working hours,
irradiation may come from other man-made sources."
These comprise such sources as X-ray fluoroscopy for

*Environmental contamination is dealt with in Annex F.
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shoe fitting, luminous markings in clocks and watches
and other luminous devices, and television sets. The
public living in the vicinity of radiological installations
and passengers in aircraft may also receive additional
radiation. Some of the more important sources are con
sidered in the following paragraphs.

RADIOLOGICAL INSTALLATIONS

118. Members of the general public living near or
having access to these installations may receive small
doses mainly from scattered radiation. The Committee
notes that the ICRpl has made recommendations that
such people should not receive from such exposure more
than 500 mrem per year in the gonads, the blood forming
organs and the lenses of the eyes.

X-RAY FLUOROSCOPY FOR SHOE FITTING

119. A survey by Seelentag and Peck'" has compre
hensively reviewed the literature regarding the doses
received from these machines. They also report measure
ments on ten different units. The average annual genetic
dose to the population of the Federal Republic of Ger
many was estimated as 4-7 micro rem per year, The
Medical Research Council of the United Kingdom"
estimated in 1956 that the annual genetic dose in that
country from this source was not more than 0.1 per cent
of that received from natural background and that after
the full implementation of present legislation (by 1963)
the dose would be reduced to some 0.01 per cent. In
several countries fluoroscopy for shoe fitting has been
prohibited since it is regarded as causing unnecessary
radiation exposure.

LUMINOUS MARKINGS IN CLOCKS AND WATCHES

120. Reports of the activities of watches and clocks
have been made in Germany." Norway.?" Sweden.t'"
Switzerland-v- and the United Kingdom;" These show
that there is a wide variation in activities of watches
and clocks up to about a,s microgram of radium with a
mean value of about 0.1 microgram. Estimates of the
annual genetically significant dose from this source are
2.6 mrern;" 1-3 mrem.l'''' 8 + 3 mrem,1O]· and 0,5 mrern."
The annual dose to the sales staff has been estimated as
90 mrem."

TELEVISION SETS

121. The JCRpl has recommended that the dose-rate
at any accessible point 5 cm from the surface of any set
used in the home or place where the public is likely to
be shall not exceed 0.5 mrem/Iir under normal operating
conditions. Braestrup and Wycoff':" have shown that
at 15 kV, the normal operating voltage of home television
sets, the dose-rate at the surface of the screen is about
l mryhr. However, most sets are provided with a further
plastic or glass sheet which reduces the dose-rate, but
when these sets are operated above normal voltages, for
testing purposes for example, then the dose-rate may
be increased greatly. Operation at 24 kV increased the
dose-rate by a factor of 1,000. It has been pointed out
that colour television tubes operate at about this voltage
so that further shielding is required to conform to the
ICRP recommendation.

122. The dose-rates received by the operators of pro
jection TV units working at 80 kV may be of the order
of 10 mrerrr/hr, but high dose-rates of the order of
1 r/hr have been measured close to the tubes. However,
these are not in the direction of the audience.loa



123. Braestrup-'" has estimated that the average
gonad dose from home television is much less than
1 mrem/yr,

PASSENGERS IN AIRCRAFT

124. The enhanced cosmic radiation experienced in
aircraft makes a negligible contribution to the total dose
received by the population at the present time.

USE OF NUCLEAR POWER IN SHIPS

125. Information has been given of the predicted
radiation levels to the workers and public from the use
of nuclear propulsion in ships.lo"m The doses received
by occupationally exposed workers were on the average

about 0.5 rem/y and were up to a maximum of 1-2
rem/y.uo The activities discharged as waste from these
vessels are unlikely at the present time to make any con
tribution to the dose received by the general public,

GENETICALLY SIGNIFICANT DOSE

126. The use of these miscellaneous Sources is likely
to contribute about 2 mremyy, mainly from the use of
luminizing of clocks and watches. However, with the
increasing uses of miscellaneous sources of radiation,
none of which individually contribute an appreciable
dose, the total genetically significant dose may be ex
pected to increase slightly.

Appendix

(3)

(1)

1. A general definition of genetically significant
dose has been given in paragraph 9 above. Approxima
tions must be made to calculate this dose, the most
obvious being consideration of groups rather than
individuals. It is convenient to start with the approxi
mate definition"

D - ~ ~ (NI':) wIP dJ~ + NI~' wI~' dW»
- :t (N~Fl W~F) + NkM ) wkM»

k

where
D = (annual) genetically significant dose,
N j k = (annual) number of individuals of age-class k,

subjected to class j exposure,
Nk = total number of individuals of age-class k,
Wjk = future number of children expected by an ex

posed individual of age-class k subsequent to
a class j exposure,

Wk = future number of children expected by an aver
age individual of age-class k,

dIll; = gonad dose per class j exposure of an individual
of age-class k,

(F) and (M) denote "female" and "male" respectively.

2. For the practical work, formula 1 can be simpli
fied considerably, the first step being to replace the
denominator by w-N, where

N(F) N(M)

w = N . W(F} +r;r . W(Ml (2)

and

• 1 '" • N.w = N. f Wk k

In the last expression, • denotes the sex. N is the total
number of individuals of the population. It should be
noticed that w-N is about twice the future number of
children expected by the present population even
though the value of w may be as low as 0.8.

3. As formula 1 has w· in both the numerator and
denominator, the numerical value of w has no direct
relevance and all terms can be expressed by help of
the ratio ~Jk/w. For understanding of the deJ?ographic
background, however, it is valuable to realize that w
must be calculated from the sum of the age-group
products w;·N; for a population, w~ich means that
an assumption has to be made regarding the expected

*The degree of approximation involved in the use of formula
1 depends on the definition of classes J. In theory, there. need
be no approximation since the classes may be made so restrictive
as to include only one individual per class.
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future number of children (w;) of an individual in any
specified age-group.

4. The assumption could be that the average in
dividual will have a future annual child-expectancy
expressed by the present specific annual birth rate.
This makes it possible to calculate, by summation, the
total future expected number of children of an in
dividual of any age, and hence also the mean for any
age-group. If significantly less than unity, the prob
ability of an individual of age a to reach age t should
also be considered. This gives

<:0

w: = :t c;· At • P: (t) (4)
t.1l

where
w: = expected future number of children of an

individual of age a. With knowledfe of the
function w: of age, the average Wk for any
age-group le can be calculated,

c~ = age-specific annual birth rate, i.e., annual
expected number of children of an in
dividual of age-group t,

At = number of years included in age-group t,
P: (t) = probability of an individual of age a to reach

age (group) t.

5. It must be noted that c: may have a tendency to
change considerably before an average individual of a
specified age has reached the age-group in question.
As it is, however, difficult to predict the values for the
future, c; has been assumed not to vary with time.

6. W· = w:o+o is the number of children expected
by the average individual during his whole life. The
range of w· is normally 0.8-2, and the range of W· is
2-4 for most developed countries. The ratio W/w
ranges from 1.5 to 3.

7. The female and male contribution to the geneti
cally significant dose can both be written

• 1 N·· d· (5)D = -N :t:t lk WJk lk
W j k

8. If the gonad dose due to an examination of type j
is nearly uniform for all age-classes le, then

dtk :=: d~ (6)
approximately for all le, and formula 5 reduces to

D· = ....!-N !: d; :t Nl'J. Wl·k (7)
w J k

or

• d· 1 N· •DJ = J' -N:t lk Wjlr
W 11;

i



TABLE I. ANNUAL FREQUENCIES OF X-RAY EXAMINATIONS

Annual number of ",-ra)' e"'aminalions per 1,000 of lotal population

Examinations I excepJ mass

POPlllalion at
SUTve)'s and dmlal Mass SUrfl~YS

Counly, or area Year of study limB of slud)' RadiograPh)' Fluoroscopy Radiography Fluoroscop)' DenIal Referenu

Argentina (Buenos Aires) 1950-1959 6,000,000- 270b No data 80b Not applicable No data 4
Australia .............. 1955-1957 9,500,000 480- _d 190' Not applicable No data 32, 33
Austria................ 1955-1958 6,974,000 67- 310- 25 25 No data 53,119
Belgium ............... 1958 8,924,000 No data No data 130 21 No data 53
Canada ... , ............ 1958 17,048,000 220- 30- 90 Not applicable No data 106, 107
Denmark .............. 1956 4,466,000 260 _d 140 Not applicable 40 5
Federal Republic of

Germany (Hamburg) .. 1957-1958 1,755,000 560 _d 130 Not applicable 80 6
France ................ 1957-1958 42,000,000 150 _d 40 570 No data 8·10
Israel .................. 1959 2,062,000 300 110 170 Not applicable 20 108
Italy (Rome) ........... 1957 1,875,000 500 _d 80 Not applicable No data 11
.Japan ...... , ...... , ... 1958-1960 90,000,000 410 _d 320 Not applicable io» 12,53
Netherlands (Leiden) .... 1959 110,000 350 20O f 130 Not applicable 40b 13
New Zealand........... 1957 2,221,000 340- _d 9O- Not applicable 240' 68
Norway ............... 1958 3,525,000 390 _d 210 Not applicable 100 14-
"Sweden..... , .......... 1958 7,300,000 290 _d 140 Not applicable No data 15
Switzerland, , .......... 1957 5,160,000 310 330 130 60 140 16
United Arab Republic:

Alexandria ........... 1959-1960 1,361,700- 36 _d 4 Not applicable 0.3 17
Cairo ....... , ........ 1955-1961 2,640,000' 40 _d 5 Not applicable 2 18

United Kingdom (except
Northern Ireland) .... 1957-1958 50,000,000 280 _d 95 Not applicable 40 19

United States of America. 1955-1956 162,000,000 250- 80' 135' Not applicable 400- 20

- Including commutors. radiography.
b Figures relate to films and not to examinations. e Figures relate to hospitals only.
o Data are taken from the 1958 report of the United Nations r Fluoroscopy of the chest not connected with radiography but

Scientific Committee on the Effects of Atomic Radlation.! not mass surveys.
d Fluoroscopy is generally performed only in connexion with • Population served by hospitals surveyed.

J9Q

(8)

where Dj is the contribution from type j examination
of the specified sex to the genetically significant dose.
This again can be written as

D' d' Ni wi
J= J'N w

which is the expression for numerical calculations.

9. The necessary information to make it possible to
calculate D] by help of formula 8 is:
(a) dj = the mean gonad dose per individual

undergoing class j examination;

(b) Ni/N = the relative frequency of class j examina
tion, i.e., the number of examinations
per capita, per year;

(c) wi/w = the relative child-expectancy of the aver
age individual undergoing class j
examination.

The formula is applicable also to foetal exposure
(w, = W) which must not be overlooked.

10. Often d, varies considerably from hospital to
hospital. Most of the uncertainty in estimates of DJ
is probably due to the difficulty of estimating a reliable
average of dJ for a population.

11. If there are no data on the child-expectancy of
the patients, an approximate estimate of D] may be
made, under the assumption that the child-expectancy
is not influenced by the nature of the condition for

which the patient is examined. wi can then be cal
culated from the age-distribution of the patients and
the normal child-expectancy for each age-group,

.z ° N° .z, N'
, k Wjk Jk k Wk Jk (9)

WJ = N] ~ Ni

where WO can be taken from formula 4. If wj/w is not
given in the primary material, it may be recalculated
from Ni/N, d" and this approximation of Dj, but will
in that case reflect only variations in the age-distribu
tion of the patients examined and not indicate any
dependence of child expectation on type of examina
tion.

12. In the case where the age-distribution in an
examination class is not known, a yet more simplified
assumption may be used, namely
w; = W' for all persons below mean age of child-

bearing,
w; = 0 for all persons above mean age ofchild-bearing.
If n is the total number in the population below the
mean age of child-bearing, it follows from formula 3
that ,

, n W'w = N0 • (10)

which is also, indirectly, a definition of the 11 mean age
of child-bearing". Formula 8 reduces approximately to

, N'
Dj = nJ • di = - . nJ • dj (11)

n n N



TAIlLE n.
ANNUAL FREQUENCIES OF CASES TREATED llY X-RAYS AND SEALED RADIO-ACTIVE SOURCES

Annual number of cases Per 1.000 0/

Poi'ulalio n al
tolal potulalion

Counlr:; or area Year of study time of st'ldy Malignant Non.malignant Tolal Reference

Austria ........... 1955-1957 6.974,000 4 10 14 119Canada, .........• 1958 17,048,000 No data No data 1.9- 106Czechoslovakia
(Prague) ........ 1958 990,000 No data 7.7 109Federal Republic of
Germany
(Hamburg) .....• 1957-1958 1,755,000 4.0 8.3 12.3 6France ........... 1957 42,000,000 3.7 2.2 5.9 27

Israel, ..... '" .... 1959 2,062,000 0.6-.b 3.5-.b 4.1-. b 108Italy (Rome)...... 1957 1,875,000 No data 1.3 110
Lebanon .......... 1956-1960 1,500,000 0.2 0.1 0.3 111United Arab Repub-

lie:
Alexandria..•..• 1956-1961 1,361,700 0.25 0.21 0.46 18
Cairo ........... 1959-1960 2,640,000 0.6 0.7 1.3 34, 35

United Kingdom
(except Northern
Ireland) ...... '" 1957 50,000,000 1.2 1.2 2.4 19

- Figures relate to hospitals only.
b For non-malignant conditions around 70 per cent of all cases. For malignant conditions

around SO-8S per cent of all cases.

TAIlLE Ill. ANNUAL FREQUENCIES OF ADMINISTRATIONS OF RADIO-ACTIVE ISOTOPES FOR MEDICAL REASONS
AND THE ANNUAL AMOUNT OF pu, pS2 AND AU11J 8 FOR MEDICAL USE

Annualllumber of cases per Annual amounts ':f rodio-octie« isotopes
1.000 of total population for medica us< (curies)"

Population DJ
Diagllosi. 11::11 plO All'"Countty or area Year of study time uj study Thm,p:; Refer..ice

Argentina ................... 1960 20,956,000 0.30 0.03 6.0· 0.8· No data 36
Australia. " ................. 1959-1960 9,800,000 0.65 b 0.09b 8.2 2.1 4.4 112
Canada...................... 1958-1960 17,048,000 No data 0.040 55.0 5.1 23.8 106.113
Federal Republic of Germany

0.20d No data No data No data(Hamburg) ................ 1957-1958 1,755,000 Lld 6
Israel ....................... 1959 2,062,000 1.7 0.16 2.5 0.3 3.4 108
Lebanon..................... 1956-1960 1,500,000 0.1 0.D1 0.3 <0.1 No data 11
Norway ..................... 1960 3,500,000 No data No data 2.1 0.5 5.7 69
United Arab Republic:

2,640,000 0.33 0.42 1.3 0.07 1.1 18Cairo ..................... 1961
United Kingdom

50,000,000 0.5 0.08 SO· 4.2· 88· 20(except Northern Ireland) ... 1957
United States of America ...... 1959 180,000,000 1.2 0.3 No data No data No data 114

- See paragraph 8 (c) above. ~ Figures refer to the use of Il3I only.
b Minimum estimate. • Figures refer to the quantities actually administered.
• Figures refer to hospitals only.
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TABLE IV. DATA ON THEANNUAL GENETICALLY SIGNIFICANT
DOSE FROM DIAGNOSTIC X-RAY EXPOSURE

Survey, 1950-1959 Argentina(Buenos Aires)' Survey, 1957·
;;...----

~
-

N X 1.00Oa ~ (mr61lJ)' ~ (mrem) D'
I

Male Femah -
T'Ype of e>:amifUllion Male Femah adults adults Foelus Mah Femak Foelus mrem Pere/nl. Toy;. q

all --A. HOSPITALS AND CITY CENTRES (RADIOGRAPHY) Colon (bariur

Urography (descending pyelog-
Hip, upper fe

raphy) .......•............ 2.7 2.2 700 900 No data 1.9 2.0 No data 3.9 16
Urography (d

Hip, upper femur .......••.... 2.8 3.0 600 600 No data 1.7 1.8 No data 3.5 14
pyelograph

Colon (barium enema) lower GI 2.7 2.7 300 450 No data 0.8 1.2 No data 2.0 8
Lumbar SpinE

Lumbar spine •...........••.. 2.4 3.7 200 400 No data 0.5 1.5 No data 2.0 8
Pelvis..... ,

Mass miniature radiography .•. 58 18' 10 15 No data 1.3 0.6 No data 1.9 7
Obstetrical a1

Pelvis.•.....••.•...•••.•..•• 1.1 1.6 600 700 No data 0.7 1.1 No data 1.8 7
Stomach (bar

Obstetrical abdomen .•••..•..• 1.0' 800 No data 1.8 No data 1.8 7
Retrograde (l

Lumbosacral region ..••....... 1.2 2.3 230 600 No data 0.3 1.4 No data 1.7 7
pyelograph

Pelvimetry ••.•••.•...•.....• 0.6" 900 No data 1.2 No data 1.2 5
Abdomen...

Retrograde (ascending)
Pelvimetry ..

pyelography .••...•.....•.. 1.0 0.6 600 800 No data 0.6 0.5 No data 1.1

SUB-TOTAL 72 36 7.8 13.1 20.9 83 Other types «

Other types of examinations ... 67 56 1.7 2.7 4.4 17

SUB-TOTAL 139 92 9.5 15.8 25.3 100
• Denote

B. Pll.IVATE CLINICS AND PRACTICES (RADIOGRAPHY)d 4.5d 7.5d 12d

TOTAL 14 23 37 100

"Figures are related to radiographs and not to examinations. d Estimated figures Jsee para. 17).
b Does not include dental radiography. " Below mean repro uctive age, i.e., (nVn).
• Does not include contribution from foetal exposure.

Survey,195i

TABLE V. DATA ON THE ANNUAL GENETICALLY SIGNIFICANT
DOSE FROM DIAGNOSTIC X-RAY EXPOSURE

Survey, 1956-1958 Denmark
' Toy;.

N·
N

I
>( 1.000 dj (mrem) D~ (mrem) DJ Chest (heart

Male Female P.r,,"~
Abdomen .. ,

Type of e>:amsna/son Male Femah adults adults Foetus Male Female Foelus mr.m ag. Hip, upper f
Urography.

Intravenous pyelography .....• 4.3 4.3 1,019 565 4.3 2.4 6.7 24 Lumbar spir

Retrograde pyelography .....•. 0.9 0.4 2,580 1,136 2.3 0.5 2.8 10 Obstetrical ;

Cystography ...••............ 0.4 0.4 5,078 437 2.3 0.2 2.5 9 Urethrocyst,

Hip and femur ...•........... 2.2 2.5 980 58 2.2 0.1 2.3 8 Stomach (ba

Pelvimetry .•....•........... 2.2 822 1.8 1.8 7 Colon (barii

Urethrography ............... 0.4 3,709 1.7 1.7 6 Pelvimetry.

Pelvis .........•............. 2.5 0.7 567 210 1.4 0.1 1.5 5

Spine lumbar................. 4.3 3.4 104 222 0.4 0.7 1.1 4

Abdomen obstetric............ 2.0 190 0.4 0.4 2

Abdomen A.P ...•............ 0.4 0.4 610 85 0.3 0.1 0.4 2
Other types

SUB-TOTAL 15.4 16.3 14.9 6.3 21.2 77

Foetal contribution 5.0 5,0 18

Other types of examination .. 244 0.7 0.6 1.3 5
• Does ne

TOTAL 260 27.5 100 bMean v;
15.6 6.9 5.0 •Since cl j-
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TABLE VI. DATA ON THE ANNUAL GENETICALLY SIGNIFICANT
DOSE FROM DIAGNOSTIC X-RAY ExrOSURE

Survey, 1957·1958 Federal Republic of Germany (Hamburg)8

~N X 1,000 ttt; (m"m) Dj (mrem) DJ

T~jJe of examination Male
Male" Female- 1'oreettl.

Female adulls adulls Foetus Mal. Femol« Foelus mum age

Colon (barium enema) lower GI 3.7 4.0 890 2,530 2,740 1.87 4.03 0.19 6.09 34
Hip, upper femur ............. 2.6 3.2 1,520 214 255 3.15 0.17 0.01 3.33 19
Urography (descending

pyelography) ..............• 5.1 3.6 241 439 476 0.70 0.71 0.04 1.45 8
Lumbar spine ................ 11.2 10.2 63 183 178 0.52 0.72 0.04 1.28 7
Pelvis ....................... 3.8 3.7 275 94 166 0.90 0.24 0.01 1.15 7
Obstetrical abdomen .......... 0.32 680 677 0.22 0.54 0.76 4
Stomach (barium meal) upper GI 23.9 16.9 65 67 63 0.11 0.47 0.02 0.60 3
Retrograde (ascending

pyelography) .........•...• 1.2 1.1 311 657 720 0.21 0.27 0.02 0.50 3
Abdomen............•.....•. 4.6 2.9 88 128 167 0.27 0.20 0.01 0.48 3
Pelvimetry .....•. , ........... 0.05 600 2,900 0.03 0.37 0.40 2

SUB-TOTAL 56 46 7.73 7.06 1.25 16.04 90

Other types of examination .•.. 369 299 1.07 0.61 0.02 1.70 10

TOTAL 425 345 8.80 7.67 1.27 17.74 100

.. Denotes mean figures of gonad dose. After detailed calculation of D7 formula 8 was used for obtaining d;.

Chest (heart, lung) ........... 340 230 30b No data 38· No data 38 65

Abdomen .................... 3.7 4.4 1,500 1,300 No data 5.58 4.62 No data 10.20 18

Hip, upper femur ............. 2.1 1.7 1,200 180 No data 2.61 0.23 No data 2.84 5

Urography................... 2.1 1.8 390 4,500 No data 0.32 2.30 No data 2.62 4

Lumbar spine ..... , .......... 3.0 2.4 250 700 No data 0.48 0.80 No data 1.28 2

Obstetrical abdomen .......... 0.2 1,600 No data 0.80 No data 0.80 1

Urethrocystography........... 0.7 0.5 1,900 1,800 No data 0.24 0.23 No data 0.47 1

Stomach (barium meal) upper GI 5.9 3.8 90 300 No data 0.14 0.29 No data 0.43 1

Colon (barium enema) lower GI 2.0 2.5 134 264 No data 0.14 0.23 No data 0.37 1

Pelvimetry ................... 0.02 1,200 No data 0.02 No data 0.02 0

SUB-TOTAL 360 247 9.51 9.52 57.03 98
38·

Other types of examination'' ... 84 65 0.22 0.96 1.18 2

TOTAL 444 312 9.73 10.48 58.21 100
38·

" Does not include contribution from foetal exposure. figure cannot be split into male and female dose.

b Mean value for the dose to testes and ovaries. d Does not include dental radiography.

• Since d, is given only as mean figure for the gonads the dose
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TABLE VII. DATA ON THE ANNUAL GENE'l'ICALLY SIGNIFICANT
DOSE FROM DIAGNOSTIC X-RAY EXI'OSURE

D"
J

FranceB- 10

1'ereen/·
m"1II Og.Female FoetusMale

Female
adulls Foelus

ttt; (mrem)

Mole
adulls

~N X 1,000

Male FemaleT~te of examinoJiott

Survey, 1957-1958



TABLE VIII. DATA ONTHEANNUAL GENETICALLY SIGNIFICANT
DOSE FROM DIAGNOSTIC X-RAY EXPOSURE

Survey, 1957 Italy (RO ltleJ11-
~ * *iT X 1,000 d

J
(mrem) Dj (mrem) DJ

Male Female -PC1'4xJ.
TyPe of ."amina/ion Male Femal. adults adults Foe/us Male Female Foe/usa mremb age-Digestive tract .......•...•.•. 27.8 14.2 123 411 No data 3.08 5.25 8.33 19

Hip, femur .•.•....•.....•... 6.1 7.0 586 223 No data 3.93 1.09 5.02 12
Urography (descending

pyelography) .......•....••. 5.2 3.4 940 1,060 No data 2.44 2.52 4.96 11
Pelvis..........•.•..•...•.•. 5.0 4.7 1,130 330 No data 3.38 1.40 4.78 11
Lumbar spine ....••.••...•.•. 7.9 4.8 234 570 No data 2.03 2.19 4.22 10
Barium enema ............... 4.7 2.4 239 1,050 No data 1.01 2.27 3.28 8
Cholecystography.•••••...•... 9.1 11.6 12 156 No data 0.12 1.27 1.39 3
Abdomen..•.....•.•.•...•... 5.2 3.4 141 210 No data 0.66 0.64 1.30 3
Obstetrical abdomen •.•..••... 0.8 399 No data 0.59 0.59 1
Pelvimetry..••...•...•...•... 0.1 1,250 No data 0.23 0.23 1

SUB-TOTAL 71 52 16.65 17.45 34.10 79

Foetal contribution-. • . . • . . . . . . . 2.59 2.59 6
Other types of examination"•. 276 174 4.15 2.57 6.72 15

TOTAL 347 226 20.80 20.02 2.59 43.41 100

- No figures subdivided into various types of examination are contributions.
available. " Does not include dental radiography.

b The figures for DJ are the sum of the male and female

TABLE IX. DATA ON THE ANNUAL GENETICALLY SIGNIFICANT
DOSE FROM DIAGNOSTIC X-RAY EXPOSURE

Survey, 1958-1960 Japan lS

N*
N I X 1,000 dj(mrem) ~ (mrem) DJ

Male Female Perum-
Type of examination Male Female adults adldls Foe/liS Male Female Foetus mrem. age

. Stomach (barium meal) upper GI 53 33 4.3- 74- No data 0.69 10.92 No data 11.61 30
(28) (2,660)

Colon (barium enema) lower GI 5.0 4.5 220- 81- No data 4.01 4.28 No data 8.29 21
(2,390) (4,320)

Lumbar spine .•......•....... 7.6 3.6 767 121 No data 4.36 0.19 No data 4.55 12
Lumbosacral region .....•..... 3.7 1.6 1,700 116 No data 4.44 0.06 No data 4.50 12
Hip, upper femur............. 4.7 6.0 691 30.5 No data 1.93 0.46 No data 2.39 6
Pelvis ....................... 1.6 1.5 1,490 80 No data 1.58 0.08 No data 1.66 4
Chest (heart, lung) ........... 103 65 1.0- 8.Da No data 0.41 1.07 No data 1.48 4,

(0.6) (78)
Urography (descending

4pyelography) ............... 3.6 2.6 631 92 No data 1.27 0.13 No data 1.40
Obstetrical abdomen .......... 1.1 162 162b 0.12 0.30 0.42 1
Pelvimetry ................... 0.15 322 322b 0.03 0.09 0.12 0.3

SUn-TOTAL 182 119 18.69 17.34 0.39 d 36.42d 96

Other types of examination" .... 74 37 1.82 0.79 No data 2.61 4,

TOTAL 256 156 20.51 18.1 0.39d 39.0d 100

- Dose figures relate only to the radiographical part of the
examination. In around 8 per cent of chest, 38 per cent of stomach
and 50 per cent of colon examinations, fluoroscopy is performed.
The figure within brackets denote the gonad doses arising from
fluoroscopy. The values of Dj refer to the total from both radio-

394

graphy and fluoroscopy. •
b The dose is assumed to be the same as to the maternal ovanes.
" Does not include mass miniature and dental radiography.
d The figure implies contribution from foetal exposure only

from obstetrical examination.



TABLEX. DATA ON THE ANNUAL GENErICALLY SIGNIFICANT
DOSE FROM DIAGNOSTIC X-RAY EXPOSURE

OIfUJIl i Survey, 1959-1960 Netherlands (Leiden)18,

~ X 1.000 ~ (11Irem) Vi (11Irem) DJ

'~IJ. Typ. ole:l:amina#oll
Ma14 Female Percent-

6-P Mak Female adults adults Foetusa M41. Female Foetus 11Ir.m age

19 Urography (descending
12 pyelography) .............. 5.6 3.0 512 604 604 1.16 0.62 0.08 1.86 27

Hip. upper femur.........•... 1.6 2.1 3,323 140 140 1.48 0.04 n 1.52 22
11 Colon (barium enema) lower GI 3.7 2.6 25 613 613 0.03 0.50 0.08 0.61 9
11 Lumbosacral region ........... 1.9 1.5 60 790 790 0.07 0.46 0.07 0.60 9
10 Pelvis....................... 3.4 3.4 157 142 142 0.35 0.19 0.01 0.55 8
8 Urethrocystography........... 1.1 0.3 423 1,608 1,608 0.11 0.30 0.03 0.44 6
J Abdomen .................... 3.7 2.6 92 132 132 0.18 0.16 0.01 0.35 5
3 Lumbar spine ................ 4.5 3.3 16 47 47 0.03 0.06 0,01 0.10 2
1 Obstetrical abdomen>......... 0.1 100 100 0.01 0.02 0.03 <1
1 Pelvimetry................... 0 0 0 0 0

79 SUB-TOTAL 26 19 3.41 2.3-4, 0.31 6.06 89

6 Other types of examination".... 282 222 0.32 0.36 0.05 0.73 11

15
TOTAL 308 241 3.73 2.70 0.36 6.79 100

100
• Doses are the same as for female. radiography.
b The position is not justified by the magnitude of the dose. n ... negligible.
c Does not include mass miniature radiography and dental

TABLE XI. DATA ON THE ANNUAL GENETICALLY SIGNIFICANT
DOSE FROM DIAGNOSTIC X-RAY E.."'{POSURE

'U~~ Surue», 1958 Norway14

14

N"J
~ (mrem) ~ (111"111)30 N X 1,000 DJ

21
Male Femal. Percent-

TyPe oj examination Mal. Femal. adults adults Foetus· Mak Female Foe!us mr~m age

11 Lumbosacral region ........... } 592 2.7112 Lumbar spine ................ 11.9 9.2 130 592 0.78 1.81 0.12 27
6 Colon (barium enema) lower GI 3.0 3.4 185 2,050 2,056 0.16 1.19 0.09 1.44 15
4- Pelvis. , ..................... 5.7 5.9 376 135 135 0.92 0.29 0.01 1.22 12
4- Urography (descending

pyelography) ............... 3.8 3.5 217 403 403 0.37 0.51 0,03 0.91 9
Hip ......................... 3.4 6.0 384 159 159 0.61 0.20 n 0.81 8

4- I Pelvimetry .................. 0.3 800b 900b 0.19 0.50 0.69 7
1 I Femur ...................... 1.4 1.4 407 10 10 0.58 0.01 n 0.59 6
0.3 I Obstetrical abdomen .......... 0.3 400b 6001> 0.10 0.34 0.44 4

Abdomen .................... 3.3 3.0 65 178 178 0.12 0.27 0.01 0.40 4
16 ! Stomach (barium meal) upper GI 14.4 11.2 2.8 17.5 17.5 0.05 0.07 n 0.12 1

4- ~

SUB-TOTAL 47 44 3.59 4.64 1.10 9.33 93
r

(J

) Other types of examination .... 320 294 0.30 0.32 0.02 0.64 7

1
TOTAL 367 338 3.89 4.96 1.12 9.97 100

ies.

~Ji'
a Except for obstetrical examinations, the doses are the same b Estimate and calculation based on exposure data.

1
as for female. n = ne~ligible.
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TAllLE XII. DATA ON THE ANNUAL GENETICALLY SIGNIFICANT
DOSE FROM DIAGNOSTICX-RAY EXPOSURE

Survey, 1955-1957 SWld."llU

N*
J

~ (mr<ln) ~ (m rem) DJN X 1,000

Mal. Fema/<: 1'"{~"1.
TyP. of ."am/nation Mal. F.male adults adults Foelus· Male Female Foetus mrem are

Lumbosacral region.......... ,}
9.1 7,0 940 490 490 6.30 1.36 0.14 7.80 21Lumbar spine ................

Pelvimetry............. , ..... 0.6 1,080 4,500 0.28 6.40 6.68 18
Urography...........•....... 5.3 3.8 1,240 925 925 3.48 1.77 0.16 5.41 15
Pelvis ....................... 4.1 4.2 870 200 200 2.70 0.40 0.03 313 8
Abdomen .................•.. 2.5 2.4 1,360 1,150 1,150 1.78 0.93 0.11 2.82 7
Colon ......• , ........ , ...... 4.1 5.0 310' 1,520 1,520 0.56 2.03 0.21 2.80 7
Hip, .....•.•................ 2.6 4.4 1,090 260 260 2.19 0.25 0.01 2.45 6
Urethrocystography........... 1.0 0.2 3,700 1,940 1,940 1.57 0.14 0.02 1.73 5
Femur ...................... 1.8 0.9 830 35 35 1.40 0.02 0.01 1.43 4
Obstetrical abdomen .......... 0.6 265 910 0.06 1.20 1.26 3

SUB-TOTAL 31 29 20.0 7.2 8.3 35.5 94

Other types of examinations ... 186 188 0.3 1.8 0.2 2.3 6

TOTAL 217 217 20.3 9.0 8.5 37.8 100

• Except for obstetrical examinations the doses are the same b Does not include dental radiography.
as for female.

TABLE XIII. DATA ON THE ANNUAL GENETICALLY SIGNIFICANT
DOSE FROM DIAGNOSTIC X-RAY EXPOSURE

Survey, 1957
Swjt.ccrll1,ld1~

~
tJ'I; (mrtm)N X 1,000 D'" (mr. m) DJ

TyPe of t"am/nation
Male Ftmal. PO(~a:...Malt F~male adults adults Foetus Ma/<: Ftmale Foetus mrem Oft

Urography (descending
pyelography) ............... 3.7 4.0 1,000 1,000 1.93 2.14 4.07 18

Obstetrical abdomen .......... 1.1 700 800 1. 73 1.96 3.69 11Pelvis .......... , ............ 2.8 2.4 1,200 300 2.55 0.55 3.10 1-1
Lumbar spine ................ 7.4 7.4 150 500 0.48 1.62 2.10 9Colon (barium enema), lower GI 6.9 6.9 150 200 0.90 1.20 2.10 9Retrograde (ascending

pyelography) ......... " ... 0.8 1.2 1,000 1,000 0.42 0.62 1.04 5Chest ....................... 190.0 188.0 2 1 0.69 0.35 1.04 5Hip, upper femur............. 4.1 3.5 100 300 0.27 0.70 0.91 4Stomach (barium meal). upper GI 31.1 26.5 20 50 0.31 0.65 0.96 -IPelvimetry.•................ 0.24 700 800 0.34 0.38 0.72 J

SUB-TOTAL 247 241 7.55 9.90 2.34 19.8 88
Other types of examination .... 290 194 1.78 0.73 2.5 12

TOTAL 537 435 9.33 10.63 2.34 22.3 100
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TABLE XIV. DATA ON THE ANNUAL GENETICALLY SIG:N1F1CANT
DOSE FROM DIAGNOSTIC X-RAY EXrOSURE

United Arab Republic (Alexandrin)'11

~ * •N X 1.000 d J (mrem) DJ (mrem) DI

TyPe 0/ examination
Male Female Ptrc.nt.Male Female adults adulls Foelus" MDle Female Foelus" ,"rem ale

Urina.ry tract. ................ 3.7 4.6 500 320 1.85 1.47 3.32 47Lumbosacral spine ............ 3.2 3.1 255 270 0.82 0.84 1.66 24,
Lower Cl tract.•............. 2.3 2.2 100 600 0.2 1.3 1.5 21
Upper Cl tract............... 0.7 0.8 70 470 0.05 0.36 0.41 6
Mass radiography ............ 7.2 10.7 5 5 0.04 0.05 0.09 1
Chest ......... '" ........ '" 3.6 7.4 5 5 0.02 0.04 0.06 1
Cervical spine •............... 2.4 2.4 1 0.002 0.002 <1
Skull. ....................... 1.1 1.2 1 0.001 0.001 <1
Obstetrical abdomen" .........
Pelvimetry"..................

SUB-TOTAL 24 32 2.98 4.06 7.04 100

Other types of examination .... -..Jl -..Jl -..Jl --" -..Jl

TOTAL 36 2.98 4.06 7.04 100

• No data.

~
~ (",rem) Dj (mrem) Dj'if X 1,000

Male Female P,reenl·
Tl'Pe oj examination Mak Femak adulls adulIs Foetus« Mal. Female Foelus" ",rem age

Urinary tract .............. ,. 4.1 5.1 500 320 2.08 1.9 3.98 57
Lower Cl tract ............... 1.5 1.8 100 600 0.13 1.10 1.23 17
Upper Cl tract............. ,. 1.0 1.1 70 470 0.05 1.13 1.18 17
Lumbosacral spine ............ 0.9 0.9 255 270 0.23 0.23 0.46 7
Mass radiography............ 5.7 8.4 5 5 0.02 0.04 0.06 1
Chest ....................... 5.0 10.0 5 5 0.02 0.05 0.07 1
Cervical spine ................ 0.9 0.9 1 0.001 0.001 <1
Skull ................. " ..... 2.6 2.9 1 0.003 0.003 <1
Obstetrical abdomen" .........
Pelvimetry"..................

SUB-TOTAL 22 31 2.53 4.45 6,98 100

Other types of examination .... 22 4 --'l --" --"

TOTAL 44 35 2.53 4.45 6.98 100

• No data.
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TABLE XV. DATA ON THE ANNUAL GENETICALLY SIGNIFICANT
DOSE FROM DIAGNOSTIC X-RAY EXWSURE

United Arab Republic (west alld south-west of Cairo)18
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TABLE XVI. DATA ON THE ANNUAL GENETICALLY SIGNIFICANT
DOSE FROM DIAGNOSTIC X-RAY EXPOSURE

Survey, 1957-1958 United Kingdom (except Northern Ireland)!t

~ • •N X 1,000 d J (mrem) D I (mrens) Dj

Mak F.mal. Per".~
T:;p. of .xarn/nation Malt Femal« adults adults Fattus Mal. F.mal. Foetus mr<m age

A. NATIONAL HEALTH SERVICE HOSPITALS

'Obstetrical abdomen .......... 1.5 367 723 1.12 2.27 3.39 24
Pelvis ........•.............. 1.8 2.0}
Lumbosacral region ........... 2.2 2.3 370 392 536 1.72 1.17 0.22 3.11 22
Lumbar spine ..... , .......... 3.5 3.1
Urography (descending w)pyelography) .............. 2.3 2.0 765 585

0.96 0.69 0.09 1.74 12Retrograde (ascending
pyelography) ...........•... 0.3 0.4

Hip, upper femur...........•. 2.0 2.9 740 102 154 1.33 0.14 0.01 1.48 11
Pelvimetry•.•............•... 0.4 745 885 0.55 0.60 1.15 8
Abdomen...•................ 3.0 3.0 105 183 281 0.22 0.32 0.06 0.60 4
Stomach (barium meal), upperGI 6.0 4.3 44 333 448 0.11 0.36 0.04 0.51 4
Chest (heart, lung) (excluding

mass miniature radiography) . 63 61 2.75 5.4 5.5 0.14 0.29 0.05 0.48 3

SUB-TOTAL 84 83 4.48 4.64 3.34 12.46 88

Other types of examination ..•. 52 40 0.35 0.39 0.04 0.78 6

TOTAL 136 123 4.83 5.03 3.38 13.24 94

B. DIAQNOSTIC X-RAy EXPOSURE OUTSIDE NATIONAL HEALTH SERVICE HOSPITALS

General diagnostic examinations 22 No data 0.83 6
Mass miniature radiography •.• 95 0.09 0.09 0.09 No data 0.01
Dental radiography .......••.. 40 0.3 0.3 0.3 No data 0.01

TOTAL genetically significant dose 14.1 100
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TABLE XXIII. COMPARISON OF THE ANNUAL GENETICALLYSIGNIFICANT DOSE ARISING FROM X-RAY
DIAGNOSTIC EXPOSURE IN VARIOUS COUNTRIES AND AREAS

Genetically signiMlJnl dore (mr.m)

Malt Female Total

Country or area A- B A
Foetu, &jel'ence

B A B C labl.

rgentina (Buenos Aires)......... 14' 23' No data 37' IV
.ratria.•.................... '" No data No data No data 16-25
enmark....................... 28· V
sderal Republic of Germany
(Hamburg) ................... 8.8 7.7 1.3 18 17 29 VI
·ance ......................... io- lOb No data 58 VII
aly (Rome) ................... 21 20 2.6 43 ±35 VIII
pan .......................... 21 18 0.4 39•. d IX
etherlands (Leiden)............ 3.7 2.7 0.4 6.8· 5.7· 18.70 X
:lrway ........................ 3.9 5.0 1.1 10 ±3 XI
zeden......................... 20 9 8.5 38 ±10 XII
zitzerland ... , ................. 10d 12d No data 22d XIII
rlted Arab Republic:
Alxandria.................... 3 4 7 XIV
Cairo ........................ 2.5 4.5 7 XV
rited Kingdom (except
Northern Ireland)............. 5.1 0 5.3· 3.6· 14 ±1 XVI

A · d accordi N· w,IS compute according to the formula D = Z N' . w' • d,

B is computed according to the formula D = 2:~ • d)
n

C is computed according to the formula D "" ~~ • clj

, Arising from radiography only.
> Except for chest examinations in private practice which
-e a contribution of 38 mrern to the genetically significant
se and which cannot be split into male and female figures.
, Does not include mass miniature radiography.

d Includes a contribution from foetal exposure arising from
obstetrical examinations.

·0.85 mrem, arising from examinations outside the National
Health Service hospitals, are distributed among male, female
and foetus.

TABLE XXIV. PROBABLE DOSE-RATES TO THE GONADS DURING VARIOUS
TYPES OF X-RAY EXAMINATIONS

TyPe of
examination Tesles

Dose rate (mremlsec)

Ovnries

Fluoroscopy

Chest , , .. , .
Stomach (barium meal) .
Colon (barium enema) .

0.005-0.02
0.05 -0.2

1-100-

0.01-0.04
0.1 -0.3

3- 20

403

Natural radiation. . . . . . . . . . . . . . . . . . . . . . . . . 3.10-
6

Note: Russell's experiments cover the following dose-rate range 0.014-1400 mrem/sec.>
• The testes in the primary beam.
b See annex C, table X.' '
c With scrotum protection""" 10 mrem/sec.
d With scrotum protection 2-3 mrem/sec.

30- 50
10- 50
40-200
20- 80

30-100
100-400

10-30
4-8

30-2,000" •
40-500" d

50-100
100-1,500" •

Radiography

Chest ..............................•.....
Stomach · ·· .
Colon .
Lumbar spine }AP .
Lumbosacral joint
Pelvic region Lateral .
Urinary bladder , .
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Survey, 1957-1958

TABLE XXV. DATA ON THE ANNUAL GENETICALLY SIGNIFICANT DOSE FROM EXTERNAL
RADIO-THERAPY FOR NON-MALIGNANT CONDITIONS

Federal Republic of Germany (Hamburg)'

TABLE XXVI. DATA ON THE ANNUAL GENETICALLY SIGNIFICANT DOSE FROM EXTERNAL
RADIO-THERAPY FOR NON-MALIGNANT CONDITIONS

Survey, 1957 Fral1ceu

Number 01 :/Iatields
Gonad dos« (m"m) Annual geneticaUy signiMa"t dontreated per 1.000

01 total population Average figu"s (m"m)'

Location Male F.".aZ, MaZ, F,male MaZ, F,maZ, Foetus Tol41

Skin (various 5-" 20-"
conditions) ....•.•........ 0.31 0.38 100 200 n n No Data n

Spine:
Cervical .••..•...•...•••• 0.16 0.22 900 1.500 0.02 0.04 No Data 0.06
Dorsal ................... 0.04 0.07 2,800 4,500 0.01 0.04 No Data 0.05
Lumbar.....•.•.......... 0.25 0.16 14,200 49,600 0.5 1.0 No Data 1.5

Hip ..•........•........... 0.04 0.04 91,500 99,500 0.5 0.5 No Data 1.0
10Q-b 2Q-b

Other sites ............•.... 0.26 0.29 17,000 8,000 0.2 0.3 No Data 0.5

TOTAL 1.1 1.2 1.2 1.9 3.1

b The dose ranges are due to various conditions and different
sites treated.

n denotes less than 0.01 mrem.

Tolol

0.32

0.40

2.2

1.46

n denotes less than 0.005 mrem,- The dose ranges are due to various conditions and different
sites treated.

- Reboul has calculated that 6.8 per cent of ~Njdl origtnates
from patients below age 30. The subdivision into locations is
made under the assumption that this percentage is valid for all
locations.

Number oj patients
treated per 1.000

Gonad dose (mrem) Annual genetically significant dos.Djtotal
population Averag. figur.. (mrem)

Location Male Female Mal. Female and joetus Male F.mal. Foetus

Skin (various conditions) ... , 1.52 1.63 0.1..... 3..... 0.05 1.40 0.01
390 6,900

Spine ....•................ 0.46 0.72 800 6,000 0.05 0.25 0.02
40--" 70--"

Other sites ................. 1.48 2.43 3,000 10,000 0.18 0.22 n

TOTAL 3.5 4.8 0.28 1.87 0.03

Suruev, 1942-1951

T ABLE XXVII. DATA ON THE ANNUAL GENETICALLY SIGNIFICANT DOSE FROM EXTERNAL RADIO-THERAPY
FOR NON-MALIGNANT CONDITIONS

Mol. Female Mole Femal« Ma~ F.male Total

0.65 0.33 70 110 1.16-5.03- 1.63 2.79-6.66-

1.4 (1.4)·
(2.57-8.02)b (3.76)b (6.33-11.78)b

(1)· 0.17 (0.11) 0.34

2.1 1.7 3.1-12.1

N etherlallds28

Annual g,netically significant dose
(mrem)

• Female assumed equal to male.

Gonad dose (,nrem)
Averag. figures

404

Number Djpatients
treat.d per 1.000

ojtolal
:population

TOTAL

Condition
treated

• Based on actual number of children born to patients.
b Based on total expected number of children averaged

throughout population.

High gonad doses .

Low gonad doses .



-
T ABLE XXVIII. DATA ON THE ANNUAL GENETICALLY SIGNIFICANT DOSE FROM EXTERNAL

RADIO-THERAPY FOR NON-MAUGNANT CONDITIONS

Survey, 1957-1958 United Killgdom (except Northern Ireland)19

Numb.,. of patients
Ireat.d per 1,000

of total Gonad dose (m,.m) An"uol gentJicolly s;gnificont dos.

COll/mion
:fIop"lalion A • .,.oge figures (mrem)

treal.d Male F.mole Male Pemal« and foetus Mole Femal« Fo.tus Total

Skin conditions ......... 0.46 0.57 150-- 300-- 1.55 0.93 0.03 2.52
32,000 6,000

Ankylosing spondylitis .. 0.03 0.01 50,000 20,000 1.07 0.08 n 1.15
Artllritic and rheumatic

conditions .. , ........ 0.02 0.02 23,000 160,000 0,04 0.18 0.05 0.27
Other non-malignant 40-- 20--

conditions. , ......... 0.02 0.07 6,000 50,000 0.04 0.49 n 0.53

TOTAL 0.5 0.7 2.70 1.69 0.08 4.47

• The dose ranges are due to various conditions and different
sites treated.

n denotes less than 0.005 mrern,

TABLE XXIX. COMPARISON OF THE ANNUAL GENETICALLY SIGNIFICANT DOSE ARISING FROM EXTERNAL
RADIO-THERAPY IN VARIOUS COUNTRIES AND AREAS

A n"uot ge;ulically significant dose (m,.m)

NOli-malignant condjtions Malignont conditions

Federal Republic of
Germany (Hamburg). 0.28 1.87 0,03 2.2

France>.•..........•.. 1.2 1.9 No data 3.1
Netherlands .. , ........ 1.33-8.19 1.8-3.93 No data 3.1-12.1
United Kingdom except

Northern Ireland .... 2.70 1.69 0.08 4,47

0' ()a
-2.5"-

0.5 (0.5)d

Country or 0,.0 Sub-tolol Mole

0.41

F.male

0.11

Foetus

o-
No data
No data

o

Sl.b-tolal

o
2.5
1.0

0.52

Total Refere"ce

2.2 6
5.6 27

4.1-13.1 28

5.0 19

M ode of CD/culalion
(doses in mrem)

TAnLE XXXI.' ESTIMATED DOSE-RATES TO THE GONADS FROM EXTERNAL RADIO-THERAPY
FOR NON-MALIGNANT AND MALIGNANT CONDITIONS b

6.5
21

9

Ovories

0.01-0.05
2-5

20-50
0,008-1

3.10-0

2.0
3.1

4.5

2.0

Dos. role (;nrem/sec)

0.01-0.05
0.5-3

5-15
0.002-0.5

• Not subdivided into sexes.
d Female assumed equal to male.

Federal Republic of Germany (Hamburg) .
France , , , .
United Kingdom (except Northern Ireland) .

Country or oreo

Location

Natural radiation .

TABLE XXX. COMPARISON OF GENETICALLY SIGNIFICANT DOSE AND PER CAPITA DOSE CAUSED BY
EXTERNAL RADIO-THERAPY FOR NON-MALIGNANT CONDITIONS

• Russell's experiments cover the following <;lose-rate range-0.01.4-1400 mrem/sec.
b Estimated on the assumption of 50 racl/rnin at the treatment site.

Head ......................................•...
Thorax ..................•............... , .
Abdomen and pelvic region .
Skin (various sites) , ,

• Fertility factors regarded as zero.
b Genetically significant dose calculated according to formula

11.

405



TABLE XXXII.' COMPARISON OF THE ANNUAL GENETICALLY SIGNIFICANT DOSE nOM THE
ADMINISTRATION OF RADIO-AerIVE ISOTOPES IN VARIOUS COUNTRIES AND AREAS

G.netkally sign'fcam
dose (mrem

Country 01' area y.ar of sludY Diagnosis Therapy Source Rt!er.ne,

Canada...............•••...• 1956 0.020 0.400 IIII,pa 37
Federal Republic

of Germany
(Hamburg) ................. 1957- 0.01 0.18 pn 6

1958
United Kingdom

(except Northern
1957 IIII,P·Ireland) .•................ , 0.03 0.15 19

United States
of America ...............•. o.oi- 0.24b lino 38

• Computed according to formula 11. No allowance made for the influence on fertility
from the severity of the disease.

b Computed according to formula 11.
o Other radio-isotopes considered to be of no significance.

TABLE XXXIII. ANNUAL GENETICALLY SIGNIFICANT DOSE FROM THE ADMINISTRATION
OF RADIO-ISOTOPES

Survey, 1957 United Kingdom (except Northern Ireland)1.9

ae,..UcaUy significant dose

Use

Diagnosis
Test doses .......•.••......•...•.•...•••.•.

Therapy

Non-malignant conditions ........••.....•. "

Malignant diseases .......•............••....

TOTAL

Radio-isolop.

{

I ll!

pn

{
1111
pili
1111

mrem

0.016
0.012

0.049
0.059
0.045

0.18±0.18

Percemag,

9
IS

27
33
25

Note, The contribution from other radio-isotope s is negligible.

TABLE XXXIV. GoNAD DOSES IN MREM PER ADMINISTERED MILLICURIE 01"
J181 OR p32

Radio-isolO/J, Gonad dos. (mr.m) &marks R4er.nu

450 Normal physiological 37
conditions

450 (130-1,170) 20 patients: 39

IUl.........................•• 10 thyroid cancer
7 hyperthyroidism
3 others

600±300 Normal physiological 40
conditions

I
2,600 Normal physiological 37

conditions
pl1........................•..

7,000 Normal physiological 41
conditions

406



TABLE XXXV. MARROW DISTRIBUTION IN THE ADULT

~ad ... ii • .-. .' ••••••••• Cranium, mandible
iper limb girdle••.•..Scapulae, clavicles, head and neck:of humeri
lorax••.............Sternum

Ribs 1 to 12
ine .•..• , ...•......Cervical vertebrae

Dorsal vertebrae
Lumbar vertebrae
Sacrum

wee limb girdle Pelvic bones, coccyx, head and neck of femora

Site Bones

T%l A.ctiN morrOfl1 per _I
Total Fraction active

mtJtrOtu active morrow 1958 rep(Jrt ~{
in ,. morr01ll& in " Ellis" t'" commiU..

182 0.75 140 13 10
116 0,75 85 8 5cl

39 0.6 25

i.
5

J
25207 0.4 85

47 0.75 35 3.5
197 0.75 150 14 40152 0.75 115 11
194 0.75 150 14
364 0.75 270 26 20-

, Mechaulks, and Woodard and Holodny.«
• Custers for ribs, sternum and vertebra at age 40, Other
ues assumed in study.
, ElIis.47

,Half the contribution of 10 per cent from "other" (e.g, in

extremities, etc.) in the 1958 report of the Committee (annex C,
para. 44).

• The contribution from pelvis and half the contribution of 10
per cent from "other" (e.g, in extremities, etc.) in the 1958
report of the Committee (annex C, para. 44).

TABLE XXXVI. MEAN MARROW DOSES FROM DIAGNOSTIC X-RAY EXPOSURE
(EXCLUDING MASS SURVEYS OF THE CHEST)

Mean morrow dos. (mrem) Epp et al. U.s,A.' to

1958 &porl of Buhl"
E:tominotio71 th. Commitle'" D.nmorkb AI' Loj.

Head .•....... , ..........•.... , .•.... 50
Spine ...........................•....

Cervical. ..•........•.....••........ 50 10 3
Dorsal .....................•....... 400 200 30 90
Lumbar..................... , ...... 400 100 SO 180

Lumbosacral region., ; ................• 300
Pelvis, ......................•........ 20 30 70 180
Hip, incl. upper femur ............... , . 30 20 35
Arm and hand ........................ 2 0.2
Thorax (ribs and sternum) .•......•.... 200 150
Chest (regular) ........................ 40 20 PA 1.3 4.5
Gall bladder.................. , ....... 400 150
Stomach (barium meal), upper GI. ..... , 500 200
Colon (barium enema), lower GI. . '" .. , 700 200
Abdomen .. , ..................... , , ... 50 30
Urography ....... , , .........•........ 200 80
Retrograde pyelography .•.......•...... 100 30
Urethrocystography ................... 300
Pelvimetry, ...................•..•.. , 800
Obstetrical abdomen, .....•....... , ... , 100
Hysterosalpingography........•.••..... 100 25
Dental. ........................•.•... 20

• Radiography only.
bIn Buhl's investigation the dose calculations are based upon the figures for the distribution

of active marrow presented by the Committees.
• The technical factors used are those of the Memorial Hospital, New York. The doses are

those that arise from well collimated and aligned fields. The dose due to the scatter outside the
direct beam has been included but not the effect due to the photo-electrons from the bone.

TABLE XXXVII. INDIVIDUAL AND PER CAPITA MEAN MARROW DOSES IN SOME COUNT:lUES ARISING
FROM MASS SURVEY FLUOROSCOPY OF' THE CHEST AND COMPARISON WITH CALCULATED PER
CAPITA DOSES FROM RADIOGRAPHY

Mto" morrow dose (mrem)

Country

e;;:::;;::;i~~
pn- 1.000
oj total

fJojJulalion l

1'tr co/>ita
dose if

raliogroPh:/
Per copi/o is used

in lotol i7ls14od01
Il1di,idual populoli"" fluoroscoP:JIb

Austria , •... " • " .•.•
Belgium ....................•.....•••....
France ...................•.......•..•. ;.
Spain ....................•.......•.....•
Switzerland ..•............•.•...•.•••••.•

25
26

570
5

60

2,000
380

1,200
1,300

230

50
10

680
8

14

2.5
2.6

57
0.5
6

• Figures taken from table XVII.
b Mean marrow dose per examination assumed to be100 mrem.
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TABLE XXXVIII. EXAMPLES OF MEAN MARROW DOSES IN EXTERNAL
RADIO-THERAPY'

T ABLE XXXIX, EXAMPLES OF RADIATION DOSES IN VARIOUS KINDS OF RADIOLOGICAL PROCEDURE TO
ORGANS AND TISSUES OF SPECIAL INTEREST

TABLE XL. ESTIMATES OF RADIATION DOSES IN THOROTRAST PATIENTS
(20 ml injection)

Estimates of Th2S 2 activityl17: 0.0217 pc/ml (German), 0.0244 pc/ml (U.S.A.)

S6

57

",200

Dose rem

54, 55

100-1,500

60-100

0.5-25 d

TotallTeatment

M alignanl condition

Retinoblastoma
(dose to un
affected eye)

Head lesions

Mean ma",M ckJse (rem)

Radio-thtrapy

2.6

5.5

2.5

Dose rt1n

400-1,200

150
10,000
",200

Pt, 100 r skin dose

under the assumption that the distribution of marrow space il
children and adults is the same. The fol1owi~ distribution figure:
were used: upper limbs 12%, lower limbs 39%, ribs 7%, head 7%
spine 15%, scapulae 2%, clavicles 1%, sternum 1%, pelvis 16~
of total marrow space.

d The range covers various sites of the haemangioma. Th
highest figures are received when the haemangioma are situatee
on the skin of the abdomen and the thigh.

Cervical spine

Tonsillitis
Thyrotoxicosis pat
Enlarged gland

Non·malignant condition

5-20
40

2-10

Dose ,.m

2,100-5,400
(over 20
years)

Diagnosis

Examination

See tables in this annex-assume foetal dose is same as maternal gonad dose
Pelvimetry 1-3
Obstetric Abdomen ,....,0.5
Dental (full mouth) 5-25

Encephalography
Uptake from

25 p.C 1131

Ba Swallow

Tiss e

Foetal tissue
(a) age < 2 months .•..
(b) age> 7 months ....

Cervical spine, 10 X 15 cm................... X-rays (170 keY,
filter 0.5 mm Cu)

Lumbar spine, 10 X 15 cm................. X-rays (170 keY,
filter 0.5 mm Cu)

Hip, one side, 10 X 13 cm , . . . . ..• . . . . X-rays (170 keY,
filter 0.5 mm Cu)

Carcinoma of cervix.. . ... . . . . • . . . • . .. . . . . .. . . Radium (applicators
containing 50, 75 or
87.5 mg Ra)

Haemangioma'. . . . . • . . . . . . • . • . • . • . • . . . . • . . . • Radium (applicators
containing Ra ranging
between 80-130 mg)

Lens of the eye ..... , ..

Site or condition T~pe oJ ,odiation

• With the exception of those for haemangioma Ellis's figures
for the distribution of active bone-marrow have been used (table
XXXV). •

b The values of total skin doses used in references 54 and 55
range from 300 rem to several thousand rem delivered over
more than one course of treatment.

• Children below two years age. According to paragraph 78,
it is assumed that only red bone-marrow exists. The distribution
of the active marrow is taken from Woodard and Holodnyv

Ttrymus , . ..•...••..• ,
Liver, .. , •••..•.... , •• 20 cc Thorotrast

Thyroid .••••.•.......

Radio- Average Accumulated
aclifJl dose-rete rem-

Tissue SOUrce rad/y (20 Years) Reference

Skeleton.......... '" .......... Th 2i l + d 1.4-3.0 600 116
Marrow ....................... Th1il + cl 1.2-2.9 580 59
Bronchi ..•..................... Thoron

+daughter 12-19 3,800 117
Lungs ......................... Thoron

+daughter 0.8-1.9 380 117
Liver.......................... Th282 + cl 27 5,400 118
Spleen ......................... 71 14,000 118

• The RBE value used in this report for a particles is 10, but Marinelliw suggested that the
range of RBE values in this case may be between 4-10.
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TABLE XLI. RANGE OF NUMBERS OF INSTALLATIONS AND OCCUPATIONALLY EXPOSED
PERSONS PER 1,000 OF THE POPULATION

Numbor qf
installatsans

p"1,OOO
aj tatal

population

Numbor ojworkerJ
direclly eniaged <n

radiation work
(Per 1 ,OOIJ of 10lal

population)

Contribution
to the an"ual

genetically
significant dase

(mrem)

Medical:
Diagnosis .
Therapy .

Dental. ...............•....... " ....•
Veterinary. . . . . . . . . . . . . . . . .. . .
Industrial .
Research and educational .
Atomic energy .

0.1-0.7}
0.02-0.1

0.1-0.8
0.004-0.03
0.003-0.02
0.01-0.03

0.3-0.5

"" 0.9

0.05-0.06
"" 0.02

0.1-0.3

0.1-0.3

0.1-0.2

TABLE XLII. MEAN ANNUAL DOSES (IN MREM) OF EXTERNAL X. AND 'Y-RADIATION TO VARIOUS
GROUPS OF OCCUPATIONALLY EXPOSED PERSONS

United Kingoom7S

Argenlina~ Canada
"

N etkerlands" Norwayll
(1959)

TyP. of work (1959-1960) (I9S9) (1960) (1960) Male Female

Medical:
Diagnosis ....... l

150-225- 300-1,400b {50-380 440 500
Therapy ........ J 2,000 1,900 1,600

Dental .........•. 70 170
Veterinary ........ 400
Industrial.. ....... 640 400-1,OOOb 110 1,100· 380

(1,900)d
Research and

educational. ... 180} 100-S00b { 40 27
Atomic energy ..... 430 420

- The lower figure concerns private practitioners; the higher, hospitals.
b The range of observed values is given .

. • Both X-ray and gamma-radiography,
d The dose within brackets concerns gamma-radiography only.

TABLE XLIII. RESULTS FROM MONITORING RADIATION WORKERS AT THE OAK RIDGE NATIONAL LABORATORY, USA, THE
ESTABLISHMENTS OF THE UNITED KINGDOM ATOMIC ENERGY AUTHOlUTY, ARGENTINA, CANADA AND THE UAR

(Penetrating radiation)

Oak Ridge National United Kingdom Atomic
Laboratory'. Energy A ulhoril:;y71

(1959) (1959)

Total wearing dose meters or films. . . . . . . . . . .. 4,695 100 16,374 100 100 j

UAR"
(19~1)

600100

Canada"
(USP)

423100

Argentina"
(1959-J~60)

579

No.oJ No, of No. of
P<rsons Per cenl Persons Per cenl p<rsons Per ",.,Per cen:

No. of
personsPer cent

No.oj
persons

Annual dose (rem)

> 1. .

> 2 ..................................•

> 3 •.................................•

> 4 , .

> 5 ...•............................•..

> 6 ••.•.•.••...•......... , .•..•.••.•.•

> 7 ..

> 8 .

> 9 •...••.••...•...•.•.•...•••••.•.•.•

441

179

74

35

10

8

2

1
o

9.4 1,492- 9.1

3.8

1.6 417 2.6

0.75 133 0.81

0.21 43 0.26

0.15 22 013

0.04 6 0.04

0.02 3 0.02

0 3b 0.v2

12.4

4.5

2.0

0.6

9 2

1

4

A Annual dose > 1.5 rem.
b Three individuals received annual doses of 17.2, 10.3 and

10.7 rem.

• In range 2.0-4.9 rem.

409



REFERENCES

13. Beekman Z. M., J. Weber, The genetically sig
nificant dose from diagnostic radiology to a defined
population in the Netherlands. In press.

14. Flatby, J., Genetically significant dose in X-ray
diagnosis in Norway. In press.

15. Larsson, L.-E., Radiation doses to the gonads of
patients in Swedish roentgen diagnostics: Studies
on magnitude and variation of the gonad doses to
gether with dose reducing measures. Acta Radiol.,
Suppl. 157: 7-127 (1958); v.e. United Nations
document A/AC.82/G/R.182.

16. Zuppinger, A., W. Minder, R. Sarasin, et ol., Die
Strahlenbelastung der schweizerischen Bevolker
ung durch rontgendiagnostische Massnahmen.
Radiol. Clinica 30: 1-27 (1961).

17. Mahmoud, K. A., M. M. Mahfouz, I. R. Atiyah,
et al., Report on genetically significant dose from
diagnostic radiology in Cairo and Alexandria.
D.A.R. Scientific Committee on the Effects of
Atomic Radiation on Man, Vol. 4-2 (1962).

18. Mahmoud, K. A., M. M. Mahfouz, M. E. Mah
moud, et cl., Gonadal and bone marrow dose in
medical diagnostic radiology. D.A.R. Scientific
Committee on the Effects of Atomic Radiation on
Man, Vol. 3-1 (1961) ; v.e. United Nations docu
ment AIAC.82/G/L.661.

19. Ministry of Health, Department of Health for
Scotland, Radiological hazards to patients. Second
report of the Committee, H.M.S.a. (1960); u,e.
United Nations document AIAC.82/G/L.557.

20. Laughlin, J. S., I. Pullman, Gonadal dose produced
by the medical use o~ X-rays. Report prepared fO,r
the Genetics Committee of the U.S. Acad. SCl.
study of the biological effects of atomic radiation;
u.e. United Nations document A/AC.82/G/R.74.

21. Norwood, W. D., J. W. Healy, E. E. Donaldson,
et al., The gonadal radiation dose received by the
people of a small American city due to the diagnos
tic use of roentgen rays. Amer. J.Roentgenol. 82:
1081-1097 (1959).

22. Lincoln, T. A., E. D. Gupton, Radiation dose to
gonads from diagnostic X-ray exposure. J. Amer,
Med. Assn. 166: 233-239 (1958).

23. IIo6eAIIHcRlIlt, M. H.) CpeAHereHeTlI'IeCRU6 1J;08JlI
paaaarraa, IIOJIYldaeMEle OO.lThHIDUI npa peRTI'eHOp;H
arnOCTIflIeCRIIX HCCJJ:ei:J;OBaHHHX, H IIyTH IIX CHIIse
HHS!. Tpy,ll,bI VII Bceeoioaaoro c'1esp;a peHTrEmOJIG
rOB H panaozoron, CTp. 251-256, MocltBa (1961).

24. Vikturina, V. P., E. Ye. Troitskii, I. Ye. Pasyn- I

kova, Doses to which patients are exposed during
. roentgenological examinations. Vestnik Rentgeno
logii i Radiologii 36: 44-49 (1961); u.e. D.S.J.
P.R.S. translation No. 91:acl.

25. Borell, D., I. Fernstrom, Radiologic pelvimetry,
Acta Radiol., Suppl. 191: 10-97 (1960).

410

1. International Commission on Radiological Protec
tion Recommendations of the International Corn
mis~ion on Radiological Protection. Adopted Sept.
9, 1958. Pergamon Press, New York (1959).

2. International Labour Office, Convention concern
ing the protection of workers a.gainst ion.ising radia
tion (Convention 115). Official Bulletin, Geneva,
43:41-46 (1960).

3. United Nations Scientific Committeeon the Effects
of Atomic Radiation, Report to the General Assem
bly, Thirteenth Session, Suppl. No. 17 (A/3838)
(1958) .

4. Placer, A. E., Dosis geneticamente significativa
debida al radiodiagn6stico medico. Republica Ar
gentina Comision Nacional de Energia At6mica,
Inform~ N° 49, Buenos Aires, 1961; u.e. United
Nations document AIAC.82/G/L.485.

5. Hammer-jacobsen, E., Genetically significant
radiation doses from diagnostic radiology in Den
mark. J. BeIge Radiol. 44: 253-276 (1%1).

6. Holthusen, H., H. H.-K. Leetz, W. Leppin, Die
genetische Belastung der Bevolkerung einer Gross
stadt (Hamburg) durch medizinische Strahlenan
wendung. Schriftenreihe des Bundesministers fur
Atomkernenergie und Wasserwirtschaft. Strah
lenschutz, Heft 21 (1961).

7. See1entag, W., J. Numberger, D. Knorr, et al.,
Zur Frage der genetischen Belastung der Bevdl
kerung durch die Anwendung ionisierender Strah
len in der Medizin. IV. Teil: Die Strahlenbelastung
durch die Rontgendiagnostik in Kinderkliniken.
Strahlentherapie 107: 537-555 (1958).

8. Reboul, J., J. Tavernier, Y. Istin, et al., Doses
gonades resultant de l'utilisation des radiations
ionisantes en France. I. Radiodiagnostic. Ann.
Radiol. 2: 179-196 (1959); u.e, United Nations
document AIAC.82/G/L.341.

9. Reboul, J., J. Tavernier, G. Delorrne, et al., Doses
gonades resultant de l'utilisation des radiations
ionisantes en France. I. Radiodiagnostic (Suite et
fin). Ann. Radiol. 2: 571-584 (1959); u.e. United
Nations document AIAC.82/G/L.341.

10. Reboul, J., G. Delorme, J. Tavernier, et al., Doses
gonades resultant de l'utilisation des radiations
ionisantes en France. n.Radioscopie.Ann. Radiol.
3: 89-99 (1960); u.e. United Nations document
AIAC.82/G/L.341.

11. Biagini, c, M. Barilla, A. Montanara. Zur gene
tischen Strahlenbelastung der Bevolkerung Roms
durch die Rontgendiagaostik, Strahlentherapie
113: 100-109 (1960).

12. Research Group on the GeneticallySignificantDose
by the Medical Use of X-ray in Japan, The geneti
cally significant dose by the X-ray diagnostic ex
amination in Japan (March, 1961).



26. ~nternational Commission on Radiological Protec
tion, Report of Committee Ill, Protection against
X-rays up to energies of 3 Mev and beta- and
gamma-rays from sealed sources. Pergamon Press
(1960) .

27. Reboul, J." G. De1onne, Y. Meilhan, et al., Doses
gonades resultant de l'utilisation des radiations
ioni~antes en France. 3. RadiotMrapie. Ann.
RadIO!. 3: 293-304 (1960); u.e. United Nations
document A/AC.82/G/L.341.

28. ~cholte, P. J. L.! J. W. Vos, J. Weber, An estima
tion of the genetically significant dose administered
by radiotherapy in the Netherlands in the period
1942-1951 (included). In press.

29. Clark, S. ~.~ Genetic radiation exposure in the
field of medicine, Bull. Atomic Scientists 12: 14-18
(1956).

30. Baily, N. A., V. E. Yoder, M. A. Bozzini, Gonadal
dose in radiation therapy. Radiology 74: 820-823
(1960) .

31. Purser, P. R., C. F. Qvist, An estimate of the
genetic dose from radiotherapy. Acta Radiol, 48:
267-272 (1957).

32. Ma;tin, 1.. H... Necessity and means of protecting
patients 10 diagnostic and therapeutic radiology.
Proc, College of Radiologists of Australasia 1:
103-112 (1957).

33. Martin, J. H., The contribution to the gene mate
rial of the population from the medical use of
ionizing radiations. Med. J. Australia 45: 79-84
(1958).

34. Mahfouz, M. M., M. A. Mahmoud, Estimation of
the gonad dose in radiotherapy of benign condi
tions. U.A.R. Scientific Committee on the Effects
of Atomic Radiation on Man; u.e. United Nations
document A/AC.82/G/L.666.

35. Mahfouz, M. M., M. A. Mahmoud, Annex to paper
on Estimation of Gonad Dose in Radiotherapy of
Benign Conditions. u.A.R. Scientific Committee
on the Effects of Atomic Radiation on Man, Vol.
2-1 (1961); u.e. United Nations document
A/AC.82/G/L.662.

36. Argentinian delegation, Personal communication.

37. J ohns, H. E., R. M. Taylor, Gonadal dose in Can
ada arising from the clinical use of unsealed radio
active isotopes. J. Can. Assn. Radiologists 9:
55-58, (1958); u.e. United Nations document
A/AC.82/G/R.129.

38. Chamberlain, R. R, "Gonadal radiation in the
genetically significant portion of the population de
rived from radioactive isotope procedures in medi
cine", pp. 885-888 in The Nature of Radioactive
Fallout and its Effects on Man. Hearings, 85th Ses
sion, U.S. Cong., jt. Ctte. Atomic Energy, Spec.
Subctte, Rad. (May 1957), Vol. 1; u.e. United
Nations document A/AC.82/G/R130.

39. Weijer, D. L., H. E. Duggan, D. B. Scott, Total
body radiation and dose to the gonads from the
therapeutic use of iodine 131: A survey of 20 cases.
J. Can. Assn, Radiologists 11: 50-56 (1960).

40. Seidlin, S. M., A. A. Yalow, R Siegel, Blood radia

411

tion dose during radio-iodine therapy of metastatic
thyroid carcinoma. Radiology 63 : 797-813 (1954).

41. Czerniak, P., Y. Rotem, Testing of the spermato
genic activity. Preliminary communication pre
sented to the United Nations Scientific Committee
on the Effects of Atomic Radiation (1961).

42. International Commission on Radiological Units.
and Measurements, Report of the International
Commission on Radiological Units and Measure
ments. National Bureau of Standards Handbook
78 (1961).

43. Mechanik, N., Untersuchungen iiber das Gewicht
des Knochenmarkes des Menschen. Zeitschrift Hir
die Gesamete Anatomie 1 ABT. 79: 58-90 (1926).

44. Woodward, H. Q., E. Holodny, A summary of the
data of Mechanik on the distribution of human
bone marrow. Phys. Med. BioI. 5 : 57-59 (1960).

45. Hashimoto, M., The distribution of active marrow
in the bones of normal adult. Kyushu J. Med. Sci,
11: 103-111 (1960); u.e. United Nations docu
ment A/AC.82/G/L.733.

46. Custer, R. P., Atlas of Blood and Bone Marrow,
p. 29. W. B. Saunders Co., New York (1949).

47. Ellis, R R, The distribution of active bone mar
row in the adult. Phys. Med. BioI. 5: 255-258·
(1961).

48. Stewart, J. W., S. Dische, Effect of radiotherapy
on bone marrow in ankylosing spondylitis. Lancet
271 (2) : 1063-1069 (1956).

49. Buhl, J., Personal communication.

50. Epp, E. R, H. Weiss, J. S. Laughlin, Measure
ment of bone marrow and gonadal dose from the
chest X-ray examination as a function of field
size, field alignment, tube kilovoltage, and added
filtration. Brit. J. Radial. 34: 85-100 (1%1); u.e.
United Nations document A/AC.82/G/L.474.

51. Epp, E. R, J. M. Heslin, H. Weiss, et al., Measure
ment of bone marrow and gonadal dose from X-ray
examinations of the pelvis, hip and spine as a func
tion of field size, tube kilovoltage and added filtra
tion. In press.

52. Weber, J., Personal communication.

53. Gernez-Rieux, Ch., G. Bonte, M. Gervois, et ol.;
Enquete sur I'irradiation des populations soumises
aux examens radiologiques systematiques du
thorax. Commission de la Radiologie et des Ex
amens Systernatiques de l'Union Internationale
cant re la Tuberculose, Paris (1960).

54. Court Brown, W. M., R Doll, Leukaemia and,
aplastic anaemia in patients irradiated for anky
losing spondylitis. Medical Research Council Spe
cial Report Series No. 295, H.M.S.a. (1957) ; u.e.
United Nations document A/AC.82/G/R105.

55. Maudal, 5., X-ray therapy in Norway. Data sub
mitted to the ICRP/ICRU Joint Study Group,
1960, u. ref. 58.

56. Holodny, E., H. Lechtman, J. S. Laughlin, Bone
marrow dose produced by radioactive isotopes.
Radiology 77: 1-11 (1961).

57. Nordberg, U.-B., Data submitted to the ICRPI
ICRU Joint Study Group, 1960, u, ref. 58.

i
I

i,



58. International Commission on Radiological Protec
tion and International Commission on Radiological
Units and Measurements, Exposure of man to
ionizing radiation arising from medical procedures
with special reference to radiation induced dIS
eases: An enquiry into methods of evaluation, 1960.
Phys. Med. BioI. 6: 199-258 (1961); u.e. United
Nations document AIAe.821G/L.559.

59. Hursh, J.B., L. T. Steadman, W. B. Looney, et al.,
The excretion of thorium and thorium daughters
after thorotrast administration. Acta. RadioL 47:
481-498 (1957).

60. Baserga, R, H. Yokoe, G. C. Henegar, Thorotrast
induced cancer in man. Cancer 13: 1021-1031
(1960).

61. Looney, W. B., An investigation of the late clinical
findings following thorotrast (thorium dioxide)
administration. Amer. J. Roentgen. 83: 163-185
(1960) .

62. Blornberg, R., L.-E. Larsson, B. Lindell, et al.,
Late effects of thorotrast in cerebral angiography.
Acta Radiol., in press; v.e. United Nations docu
ment AIAC.82/G/L.749.

63. Rotblat, J., G. Ward, The radioactivity from thoro
trast and its retention in tissues. Phys. Med. Biol,
1: 125-137 (1956).

64. Rundo, J., The radioactivity of thorotrast. Phys.
Med. BioI. 1: 138-146 (1956).

65. Rundo, J., Radiation dosage from thorotrast. IXth
International Congress of Radiology 2: 1258-1265
(1961) .

66. Marinelli, L, D., The effect of chronic low levels
of radiation in man: The contribution of epidemio
logical studies. IXth International Congress of
Radiology 2: 1234-1238 (1961).

67. Beekman, Z. M., L. H. M. v, Stekelenburg, Some
data on occupational exposure in the Netherlands.
Personal communication.

68. Roth, G. E., Report on some aspects of radiation
protection in New Zealand. United Nations docu
ment A/AC.82/G/R.185.

69. Koren, K., Personal communication.

70. Lorentzon, L., Personal communication.

71. Blatz, H., New York City Dept. of Health, Office
of Rad. Control, Personal communication.

72. Department of Public Health, State of California,
Registration of radiation sources in California.
Summary (March 15, 1961).

73. Sowby, D., Towards an assessment of the genetic
dose contributed by persons using the Department
of National Health and Welfare Film Monitoring
Service in 1959. Personal communication.

74. Koren, K, S. Maudal, J. Flatby, et ol., Nation
wide film monitoring in Norway. Brit. J. RadioL
34: 327-328 (1961).

75. Binks, W., W. G. Marley, "Occupational exposure
to radiation in the United Kingdom and its con
tribution to the genetically effective dose", Appen
dix E, pp. 120-128 in The Hazards to Man of
Nuclear and Allied Radiations. A second report

412

to the Medical Research Council, H.M.S.O., Cmnd,
1225 (1960); u.e. United Nations document
AIAC.82/G/L.555.

76. Wachsmann, F., "The customary method in Ger
many for personnel monitoring by film badges"
pp. 275-283 in Selected Topics in Radiation Dosi
metry. IAEA, Vienna (1961).

77. Larsson, L.-E., Radiation doses to patients and per
sonnel in modern roentgendiagnostic work. Acta
RadioL 46: 680-689 (1956).

78. Oak Ridge National Laboratory. Applied Health
Physics Annual Report for 1959. USAEC report
ORNL-3073 (1961).

79. Scientific Committee on the Effects of Atomic
Radiation, Computations of dose from various
sources of radiation. United Nations document
AIAe.82/R.1031 Add.l.

80. Mahfouz, M. M., 1. R. Atiyah, M. A. Ayad, Report
on exposure of workers of atomic energy estab
lishment of the United Arab Republic. D.A.R.
Scientific Committee on the Effects of Atomic
Radiation on Man, VoL 3 (2 August 1961); v.e.
United Nations document A/AC.82/G/L.663.

81. United States Atomic Energy Commission, Divi
sion of Biology and Medicine, Occupational radia
tion exposures in U.S. atomic energy projects.
United Nations document A/AC.82/G/R71.

82. Eisenbud, M., J. A. Quigley, Industrial hygiene of
uranium processing. Arch. Ind, Health 14: 12-22
(1956) .

83. National Academy of Sciences, National Research
Council, Effects of inhaled radioactive particles.
Pub!. 848, Washington, D.e. (1961) ; u.e. United
Nations document AIAC.82/G/J..S67.

84. United States Atomic Energy Commission. Health
and Safety Laboratory, Symposium on Occupa
tional Health Experience and Practices in the
Uranium Industry, held in New York City, Oct.
15-17,1958. USAEC report HASL-58; u.e.United
Nations document AIAC.82/G/L,319.

85. Australia, Report for the United Nations Scien
tific Committee on the Effects of Atomic Radiation:
Part V. Occupational exposure in Australia. United
Nations document AIAC.82/G/R29.

86. Simpson, S. D., C. G. Stewart, G. R. Yourt, et ol.,
Canadian experience in the measurement and con
trol of radiation hazards in uranium mines and
mills. Proc. 2nd Int. Conf. Peaceful Uses Atomic
Energy 23: 195-201 (1958).

87. Avril, R., C. Berger, F. Dunhamel, et oi., Measures
adopted in French uranium mines to ensure pro
tection of personnel against the hazards of radio
activity. Proc. 2nd Int. Conf. Peaceful Uses Atomic
Energy 21: 62-67 (1958).

88. Oosthuzen, S. F., G. Pyne-Mercier, T. Ficbardt,
et al.,Experience in radiological protection in South
Africa. Proc. 2nd Int, Conf. Peaceful Uses Atomic
Energy 21: 25-31 (1958).

89. Awaad, H., A. F. EI-Shebini, E. Hammoud, et al.
Radiation hazards in Red Sea phosphate mines
u,A.R. Scientific Committee on the Effects oi
Atomic Radiation on Man. Annual Report No. 2,

c



Cairo (1961); u.e. United Nations document
A/AC.82/G/L.666.

90. MiillerJ J., A David, M. Rjskova, et al., Chronic
occupational exposure to 9O-Sr and 226-Ra. Lancet
II: 129-131 (1961) ;v.e. United Nations document
A/AC.82/G/L.654.

91. United States Department of Health, Education
and Welfare, Radioactive contamination of jet air
craft. Radiological Health Data 2: 83-89 (1961) ;
v.e. United Nations document A/AC.82/G/L573.

92. Foelsche, T.J Radiation exposure in supersonic
transports. International Air Transport Assn., 14th
Technical Conf., Montreal, April 1961. Sym
posium on Supersonic Air Transport. Conf.14/
WP-SYMP/49.

93. Ku1pJ J. L., J. L. Dick, The radiation hazard from
contaminated aircraft. Health Physics 4: 133-156
(1960) .

94. BondJ A F., M. G. Del Duca, A. D. Babinsky,.
Methods of predicting radiation dosage in space
flight. Preprint No. 60-21. Presented at the 6th
N at. Ann. Meeting, Amer, Astronautical Soc.,
18-21 January 1960, New York City. American
Astronautica1 Society, New York (1960).

95. United States Naval School of Aviation Medicine,
A note on the RBE of proton radiation in space.
Research report, Project MR005. 13-1002, Sub-.
task 1, Report No. 18 (January 1961).

96. United States Naval School of Aviation Medicine,
Dosimetry of proton radiation in space. Research
report, Project MR005. 13-l()()2, Subtask 1, Report
No. 19 (June 1961).

97. Seelentag, W., S. Pek, Die genetische Belastung
der Bevolkerung bei Durchleuchtungen in Schuh
geschaften, Strahlentherapie 110: 116-132 (1959).

98. Seelentag, W., E. Klotz, Die Strahlenbelastung der
Bevolkerung durch Leuchtzifferblatter von Uhren,
Strah1entherapie 110: 606-621 (1959).

99. Eikodd, A, A. Reistad, A Storruste, et al., Radio
activity of luminous watches and estimation of
dose to the wrist and the gonads. Phys. Med. BioI.
6: 24-31 (1961).

100. Lindell, B., P. A. Wiberg, The radioactivity of
watches. Personal communication.

101. Joyet, G., La dose-gonades des cagrans lumineux.
IXth Int. Cong. Rad. 2: 1291 only (abstract),
1961. Georg Thieme Verlag, Stuttgart (1961).

102. Braestrup, C B., H. O. Wyckoff, Radiation Pro
tection, pp. 173-174. Charles C. Thomas, Spring
field, Ill. (1958).

103. Braestrup, C. B., R. T. Mooney, X-ray emission
from television sets. Science 130: 1071-1074
( 1959).

104. Burnazyan, A. 1., I. D. Kamyshenko, Yu. G. Nefe
dov, The problem of sanitation and hygiene meas
ures in the atomic icebreaker "Lenin". Med. Radiol.

4 :70-72 (1959); u.e. USJPRS translation JPRS
2592 (1960).

105. Congress of the United States, "Review of naval
reactor program", pp. 1-25 in Review of Naval
Reactor Program and Admiral Rickover Award.
Hearings, 86th Congress, Jt. Ctte. Atomic Energy,
April 11 and 15J1959. Government Printing Office
Washington (1959). '

106. Dominion Bureau of Statistics, Hospital statistics,
Vol. 1, Table 22 (1958).

107. Dominion Bureau of Statistics, Tuberculosis statis
tics, Table 100 (1958).

108. Israel, Information on radiological exposure of
man to ionizing ra diations arising from medical
procedures in Israel, 1959. Data submitted to the
ICRP/ICRU Joint Study Group, v. ref. 58.

109. jakoubkova, J., M. Lokajicek, V. Stasek, An in
vestigation of gonad dose exposure in radiotherapy
of non-malignant conditions. United Nations docu
ment AIAC82/G/L.593.

110. Biagini, C J M. Barilla, A. Montanara, Survey of
radiation therapy of non-malignant conditions in
Rome. Preliminary data, 1960. Data submitted to
the ICRP/ICRU Joint Study Group, v. ref. 58.

111. Giaccai, L., Data on radiological data from Leba
non, 1960. Data submitted to the ICRPjICRU
Joint Study Group, v. ref. 58.

112. Commonwealth X-ray and· Radium Laboratory,
Australia, Annual report for the year ended 30th
June 1960.

113. Sowby, D., Personal communication on the amount
of radioactive isotopes administered for medical
purposes.

114. Stanford Research Institute, Radioisotopes in
medicine. Research for Industry 12: 6-7 (1960) ;
v.e. V.S. Dept. of Health, Education and Welfare,
Radiological Health Data, Vol. 1, No. 5 (August
1960).

115. J oh115, H. E., J. C Wilson, Gonadal dose from
mass miniature chest X-rays. Can. Med. Assn. J.
78: 571-575 (1958).

116. Reynolds, J. C, P. F. Gustafson, L. D. Marinelli,
Retention and elimination of radium isotopes pro
duced by the decay of thorium parents within the
body-calculations and comparison with experi
mental findings. Argonne National Laboratory re
port ANL-S689 (1957).

117. Rundo J., A. H. Ward, P. G. Jensen, Measure
ment of thoron in the breath. Physics in Med. and
BioI. 3: 101-110 (1958).

118. Rundo, J., The determination of the distribution
of internally deposited thorium by means of studies
with a realistic phantom. Acta Radiol. 47: 65-78
(1957) .

119. Physikalisch-techniscbe Pruefa?sta1! fuer Radio
logie und Elektrornedizin, Radiological data; u.e.
United Nations document A/ AC.82/G/R.102

413

----------------~



ANNEX H

COMPARISON OF DOSES AND ESTIMATES OF RISK

CONTENTS

Q

L INTRODUcrION ••••••••••• , •.•••.••••••••••••••••••••••..•••••••••••••••••

H. PROBLEMS ASSOCIATED WITH RISK ESTIMATION •••••••••••••.•••••••••••••••
Effects and relevant tissues .
Dose-effect relationship .......•..........................................
Basis of risk comparison ...........••..........•.•..............•......••
Weighting factors for population ...•...•.••..............................

IH. PROBLEMS ASSOCIATED WITH THE ESTIMATION OF THE DOSE RECEIVED DY BODY
TISSUES •••••.•••••.•.•.••••••••.•••••••••••••••••••.••••••••••••••••••••
The problem of RBE (relative biological effectiveness) .
Effect of transmutation of CH ••••.•••• " •••••••••••••••••••••• , •.••••••••

IV. COMPARISON OF DOSES .: ••••••••••••••••••••••••••••••••••••••••.••••••••••
Doses from natural radiation •.........•..•................. , .
Doses from medical exposure ..........•...................... , .
Doses from fall-out ................................................•....

V. COMPARATIVE GENETIC AND SOMATIC RISK ESTIMATES .•••••••••••••••••••••••
Summary ....••.......•................•..............................•.

TABLES

REFERENCES

Paragrap/t..r

1-2

3-24
5

6-14
15-21
22-24

25-36
34

35-36

37-43
38
39

40-43

44-49
50

I. Introduction

1. Much information has been reported since 1958on
dose levels and effects of radiation in animals and man
but there are still many gaps in knowledge. It is not
possible to determine with desired precision the eff~ct
on the world population of the doses from natural radia
tion (annex E), medical and occupational expos?re
(annex G) or from fall-out from weapon testing
(annex F, part IlI).

2. Accurate assessment of the late effects of low dose
exposure requires a full knowledge of the relevant
effects of the tissue or tissues involved and of the dose
respon'se relationships. At the present time there is a lack
of information with regard to each of these factors and
also, of course, uncertainty regarding future levels of
radiation. In the present annex various of the problems
will be reviewed. The first part of the annex deals with
the general problems involved in making risk estimates,
and presents a method for comparing the risks from
various sources of exposure. The second part discusses
the problems associated with the assessment of biologi
cally significant doses, estimates of which are presented
in the third part. Finally, genetic and somatic risks from
the various sources of man's exposure are compared.

IT. Problems associated with risk estimation

3. Knowledge of the late effects of radiation comes
from clinical and experimental data at much higher
levels of dose (and often of dose-rate) than those of
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natural radiation fall-out and many types of medical
exposure.>- The'types of effect, or their dose-response
relationships, will not necessarily be the same at low as
at high dose levels.

4. The estimation of risk at low dose levels requires
answers to three basic problems:

(a) The effects to be considered;
(b) The critical tissue for each of these effects;
(c) The function of dose, dose-rate and dose distri

bution to be taken as the relevant exposure parameter
for each of these effects.

EFFECTS AND RELEVANT TISSUES

5. Both genetic and somatic effects h~ve to be co~sid
ered. The genetic effect is the production of ~utahons

and the critical organs are the gonads. Possible late
somatic effectswhich have given rise to most concern are
the induction of leukaemia, malignant bone tumours! and
the reduction of life expectancy. The significant .tIssue
for the induction of leukaemia is generally considered
to be the active bone marrow. With bone tumours, early
pre-malignant changes have been reported 5 in the COIl

nective tissue lining endosteal surfaces or trabeculae
and in the loose connective tissue in bone marrow spaces
between trabeculae; these are therefore probably the
tissues of importance. There is as yet no information
concerning tissues important in the reduction of life
expectancy. Therefore no estimates will be made of the
risk associated with this effect. Although limited ex
posure data are available for other organs such ~s

thyroid, gastro-intestinal tract and lung, these tissues Will
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Fig~t1'e 1. Time incidence curve of leukaemia

11. Similarly if, whatever the dose, the effect has a
finite probability to the end of life (figure 2b), any
simple statement concerning linear relationship can only
be made if the shortest latent period does not change
with the dose, and if the probability of injury at any
later time is proportional to the dose.

'11ID&

Figure 2a (see para. 10)

radiation in a time which is short compared with the
mean life span of an individual (curve 1), a linear dose
effect relationship implies that the area under the curve,
i.e., the total incidence of injury, is proportional to dose.
If with a reduction in dose there is an increase in the
length of the shortest latent period or a change in the
shape of the time-incidence curve (curve 2) so that the
probability of induction of the effect has not dropped to
zero at the end of life, any statement about the dose
effect relationship-linear or otherwise-cannot be made
without consideration of life expectancy.
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12. In the present state of knowledge, mean tissue
dose is the only parameter that can be used to estimate
risks in populations. If the dose-effect relationship is
non-linear the use of a per capita mean tissue dose will
be inapplicable, and individual dose and dose distribu
tion would need to be considered; this would be a much
more difficult task.

13. So far as an absolute assessment of risk is con
cerned, that is, an estimate of the actual number of effects
from a given radiation exposure, a clear distinction must
be made between the genetic and somatic problems. For
radiation-induced genetic changes there is good experi
mental evidence that the dose-effect relationship is
linear; the difficulty of making absolute assessments for

not be used for risk estimates because of uncertainties
in dose-effect and dosimetric parameters. More informa
tion, including the specification of the relevant effect,
would be required for any careful assessment of risk to
foetal tissue.

DOSE-EFFECT RELATIONSHIP

6. There are two considerations concerning the ex
posure parameter to be used: (a) what is theoreticaIly
justifiable? (b) what is practicable? For genetic effects
experimental data justify the use of a linear dose rela
tionship at low doses and dose-rates. No such generaliza
tion can be made about late somatic effects of radiation.
In radiation carcinogenesis at high dose levels many dif
ferent mechanisms may play a part, including various
kinds of interactions between damaged cells and tissues,
effects of vascular and hormonal changes, as well as spe
cific radiation-induced changes in cells. Also there may
be several different ways in which the same macroscopic
effect can be brought about, so that the equivalence of
macroscopic effect does not imply equivalence of primary
mechanism. Carcinogenicity, at these high levels of radi
ation dose, could only be described by a very complex
function of dose and other exposure factors.

7. One would expect, however, that the mechanisms
of production of any late effects are simpler at lower
doses because interactions between damaged cells, as well
as general systemic effects of radiation, will play a
smaller part. Although the possible importance of subtle
generalized changes in tissue cannot be ruled out, it is
likely that, if serious late effects can arise at these low
dose levels, they will result predominantly from specific
changes induced in individual cells.

8. If it is assumed that even the smallest dose entails
a finite probability of effect, can any statement be made
about the shape of the dose-response curve near the
origin? For certain radiobiological effects which have a
non-linear relationship at high dose levels (e.g. certain
types of chromosomal change induced by radiation), it
is probable that the slope of the dose-effect curve near
the origin is linear. However, the range of effective
linearity may be very limited. Formally, if the dose
function which determines the incidence of the effect
includes a linear dose term, however small, it is this term
which will be controlling at the lowest doses. The as
sumption of a linear dose-effect relationship normally
implies that mean accumulated dose, i.e., cell-rad, within
the tissue of interest can be taken as the significant dose
parameter for calculation of incidence of late effects.
Protraction of exposure and non-uniformity of dose
within the tissue of interest can be ignored. However,
if a non-linear dose relationship holds, a mean dose
cannot be used to estimate the incidence of effects. Also
wi th a non-linear dose-effect relationship, the dose-rate
might be an important factor.

9. The assessment of risk of specific late somatic
effects on the basis of a given dose-effect relationship
must take into account the way in which injury is dis
tributed over time. In the time-incidence curve the im
portant parameters will be the shortest latent period L
before any effect is manifest and the subsequent shape
of the curve. For example, figure 1 shows the time-inci
dence curve deduced from data on the incidence of leu
kaemia after radiation therapy for ankylosing spondy
litis."

10. If the probability of the induction of a specific late
effect (figure 2a) has fallen to zero after a given dose of
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a human population lies in lack of knowledge of the slope
of the dose-effect curve under various conditions, and
uncertainty about the way in which an increased muta
tion rate will be expressed in a human population.

14. For somatic effects there are no experimental data
relevant to the form of the dose-effect curve at low doses
and, even at high doses, as indicated in annex D, there
are very few reliable dose-response data for late effects.
Thus, although the assumption' of a linear dose-effect
relationship at low doses may be made, there is no means
at present of arriving at the actual value of the slope.
However, even if adequate dose-response data were
available at high doses, any extrapolation to low doses
would involve large assumptions on: (a) the dose-effect
relationship i (b) the latent period for manifestation of
the effects; and (c) dose-rate dependence. For these
reasons it is felt that the use of mean dose as the risk
parameter can be used only to estimate the comparative
risk from various sources, and not absolute risk.

BASIS OF RISK COMPARISON

15. In using the mean dose in calculations of com
parative risk of natural radiation, fall-out and medical
exposure, it is necessary to take into account that: (a)
the yearly dose from natural radiation is constant; (b)
the yearly dose from medical exposure is varying i and
(c) the yearly dose from fall-out not only varies but the
radiation exposure continues long after the event.

16. It is suggested that the basis of comparison should
be the. number of injuries resulting from procedures
carried out during any given period of practice. For
natural radiation and medical exposure the period of
practice and the period of radiation exposure will coin
cide. For environmental contamination the period of
radiation exposure will greatly exceed the period of
practice,

17. This method of treatment permits comparison of
total numbers of injuries occurring over all time. To
obtain information on the yearly incidence in a popula
tion, or on the risk to a given individual, other methods
of treatment would be required which, in the present
state of knowledge, would involve so many assumptions
as to be of little value.

; 18. The term "dose commitment" is used for the radi
ation dose resulting from procedures carried out during
a given period of practice. For natural background and
medical exposure the dose commitment will be the dose
actually received during the period of practice. For en
vironmental contamination the dose commitment will be
the dose received during the selected period together
with that received subsequently as a result of events
during the period, i.e., an integration of dose to infinite
time.

19. The term "dose commitment" is applied not to
individuals but to populations only and represents the
mean tissue dose (i.e., the dose to the total pool of speci
fied cells) within the population.

20. Although the dose commitment from environ
mental radiation due to a given period of practice in
volves an integration to infinite time, the major fraction
of the dose, apart from the contribution from CH will
have been delivered within fifty. years. This imp1i~s, of
course, that a considerable fraction of whatever somatic
e~fe~ts may arise from a given test will have appeared
within about fifty years. Any more detailed statement

than this on the rate of appearance of somatic effects
would require a knowledge of the time-incidence rela
tionships at the relevant levels of dose and dose-rate.

21. In the present annex, dose commitments will be
based on world-wide averages of dose from the various
sources and, for the comparative risk estimation, the
ratio of the respective dose commitments will be used.

WEIGHTING FACTORS FOR POPULATION

22. When considering the genetic effect of uniform
irradiation of the population, each increment of time,
and therefore of dose to the gonads, contributes an equal
number of mutations to the population so long as the age
distribution of the population remains the same. How
ever, when only certain individuals in a population are
irradiated, as in medical radiology, the gonad doses will
have varying importance depending on the age of the
individual, as the probable number of children to be born
to the individual must be taken into account. The term
"genetically significant dose" is defined (G, 9-12) as that
dose which, if received by every member of the popula
tion, would be expected to produce the same genetic
injury to the population as do the actual doses received
by the various individuals. This population dose is ob
tained by weighting the individual gonad doses by a rela
tive child expectancy factor so as to make possible
comparisons with doses from sources to which popu1a
tions are uniformly exposed.Y"

23. It is very probably that there is a considerable age
dependence in the development of late somatic effects
of radiation, but there is at present no information on
which to base appropriate weighting factors. In the
present calculations it has been assumed that the average
latent period, for the somatic effects considered, is short
compared with the normal life span, and has not there
fore been taken into account.

24. The growth of world population also has to be
considered. The expression "cell-rad" implies the prod
uct of two terms, one related to numbers of cells, and
the other to dose. In the case of the risk comparison
between medical exposure and exposure from natural
radiation the "cell" term will be identical for each dose
commi~ent, and the comparison can be based solely on
the ratio of the doses. However, the dose commitment
from nuclear testing will be delivered during a period of
time in which the size of population (and thus the num
ber of cells) will increase. Ideally, this increase would
have to be taken into account in the calculation of the
dose commitment. In view of the uncertainty of the esti
mates of future world population this factor has not
been taken into account in the com'parison of risks.

UI. Problems associated with the estimation of the
dose received by body tissues

25. As has .been explained above, comparative risk
assessment~ WIll ~e made for genetic effects, induction
of leukaemia and induction of bone tumours. Radiation
doses from the various sources must therefore be cal
culated for the relevant critical tissues.

. 26. The e~timation of the radiation doses to any
~Issue must include contributions from external and
internal sour~es. The conversion of exposure dose
measu.red outside the body to absorbed dose in the rele
vant tissues can be made by calculation, but often only
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with major assumptions, Alternatively, measurements
may be made on tissue-equivalent "phantoms", but these
will also have limitations since phantoms can only ap
proximately simulate man.

27 .. In det~rmini~g th.e contribution from internally
deposited radio-nuclides It IS necessary to recognize that
the mean dose to the relevant tissue will not necessarily
b.e the s~e as th~ m~an dose to the organ containing that
tissue, If dose distribution throughout the organ is not
uniform.

. 28. This problem does not arise with the gonads since
It may normally be assumed that the distribution of
radio-nuclides is uniform throughout the gonads and the
dose in all parts of the gonads, including the germinal
cells, will be the same.

2~. The dose to bone from bone-seeking radio
nuclides, such as Sr'", may not be uniform. There is the
additional complication, in estimating dose to bone sur
faces, in that the lack of electron equilibrium near the
surface has to be taken into account. With single injec
tions of bone-seeking nuclides the problems of dose
estimation may be very severe since there will be "hot
;,pots", i.e., high local concentrations of radio-activity,
II1 areas of bone growth and remodelling. However, with
continuous intake of radio-nuclides, non-uniformity will
be much less, particularly with beta-emission of relatively
long range (e.g. Sr"? + yDO).

30. For continuous uniform ingestion of radio-active
materials during steady bone growth, as in young chil
dren, the distribution of activity in a given bone is
relatively even. In the adult there will be greater non
uniformity, but there is much still to be learned about
the effect of age. The effect of such variations on the
dose to bone and bone marrow has been discussed." There
is evidence from recent studies of a substantial variation
between different bones, but presumably this will become
less marked with prolonged ingestion.

31. Another factor affecting the calculation of bone
dose from internally deposited radio-nuclides in the
adult is the degree of mineralization of bone, which also
may change considerably with age. This again is a sub
ject on which much further information is required.

32. In the present calculations the major problem, in
determining the internal dose to the bone surface and
bone marrow, is the contribution from Sroo derived from
fall-out. There is some contribution in natural radiation
from the a-emitters, but this dose represents only about
10 per cent of the total from natural sources.

33. Assuming no gross non-uniformity in dose dis
tribution in bone, the Sroo contribution to the mean dose
at the surface of bone will be approximately one half of
the mean Sroo skeletal dose derived in annex F, part Ill.
With regard to the bone marrow dose from Sroo in the
bone, it is shown in annex F, part Ill, that the mean bone
marrow dose within trabeculae will be approximately
one-quarter of the mean skeletal dose. These factors have
been used in the present calculations.

THE PROBLEM OF RBE (RELATIVE BIOLOGICAL
EFFECTIVENESS)

34. As has been shown in annexes Band D, the value
of the RBE of ionizing radiations of different charac
teristics, e.g. neutrons and X-rays, depends on the bio
logical effect considered.v" For the assessment of any
given biological effect, it is clear that a precise analysis
requires an RBE for each of the radiation conditions as

well as for each effect under consideration. However,
values of RBE that have been obtained experimentally
apply only to the conditions under which the measure
ment was made. At the present time there is no informa
tion on the RBE values appropriate to the production of
specific late effects in man, and without this information
there is no alternative but to use the values adopted by
ICRP. The values of RBE quoted by the ICRP, repro
duced in annex A, have been chosen as those which are
unlikely to be exceeded under conditions of occupational
exposure.

EFFECT OF TRANSMUTATION OF CH.

35. One further outstanding problem is that associated
with the interpretation of the effects of the incorporation
of CH into body tissue. Carbon atoms make up about
37 per cent of the deoxyribonucleic acid (DNA) which
is an important constituent of chromosomes and is asso
ciated with the genes. Hence if a CH atom becomes in
corporated into a DNA molecule and later distintegrates,
the DNA molecule may be damaged not only by the
ionizing beta particle emitted and the recoiling nucleus,
but also by the transmutation of the CB atom to NB, a
process which might also give rise to a gene mutation
(annex B).

36. Estimates of the magnitude of the transmutation
effect vary from one tenth to many times the effect due
to ionization 10-18 and more experimental data are
needed before a reliable assessment of this effect can
be made.

IV. Comparison of doses

37. With the reservations outlined in the previous
sections and in the relevant sections of the other annexes,
the doses to present and future generations are sum
marized in the following paragraphs.

DOSES FROM NATURAL RADIATION

38. Natural radiation includes cosmic rays, radiations
from radio-active nuclides in the earth and in building
materials, and radiations from internal radio-activity.
The yearly population doses to gonads and bone marrow
are given in table 1. These represent only average values
of natural radiation; they do not reflect the large varia
tions throughout the world.

DOSES FROM MEDICAL EXPOSURE

39. Table I also gives representative values of the
yearly dose due to medical exposure. During the next
decade the availability of X-ray facilities will be much
greater throughout the world, and information will be
required regarding the doses to the larger numbers of
people being examined or treated. This expansion cannot
be predicted, nor can the possible development of more
conservative procedures. For the purpose of this annex,
the doses to the population will be assumed to be constant.
Although much smaller, the doses from occupational
exposure and miscellaneous sources of radiation are
included in table 1.

DOSES FROM FALL-OUT

40. The world average doses (weighted for popula
tion distribution) resulting from fall-out do not include
the doses from local fall-out within the first few hundred
miles from megaton surface nuclear explosions.
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TABLE 1. AVERAGE YEARLY DOSE TO THE POPULATION

SUMMARY

50. The assumption of a linear dose-effect relation
ship and the use of the mean tissue dose have been used
to estimate the comparative risk of the doses from the
various sources of radiation to which the population is
e?,pose~, but there are insufficient data to make absolute
risk estimates at the present time.

*See table I, footnote.

130

Cells U"i",
bono

sur/QuJ
(mr,m)

122

50-100

?

Genetically BD".
"l1n'jica,,' marrow

dos. dos«
(mr.m) (mrem)

" Based on the values reported in annex G.

Natural radio-activity. . . . . . 125

Medical exposure"
Diagnostic. . .. .. .. .. .. .. 30
Therapeutic. . . . . . . . . . . . . 5

Occupational and miscellane-
ous exposure. . . . . . . . . . .. ....., 2

table III for the genetic risk and for the selected somatic
risks (induction of leukaemia or bone tumours). These
dose commitments are compared to the dose commit
ments from natural radiation and medical and occupa
tional exposure during the same period. For these two
latter sources, the dose commitment for anyone year is
equal to the dose actually experienced during the same
year.

46. It can be seen from table III that, for the period
chosen (i.e., 1954-1961), the comparative genetic risk
from fall-out is about one-tenth of that from natural
sources. The genetic risk from medical exposures" is
about one-third of that due to natural sources. Fall-out
contributes to the dose commitment for the induction of
leukaemia and bone tumours between one-quarter and
one-sixth of that from natural sources.

47. If no further testing is carried out, the relative
importance of the dose commitment due to previous tests
will decrease in comparison with the accumulated doses
~rom natura;l s~urces and medical exp?sure. The figures
10 table III 11?'dlc~te that the whole.series of tests during
1954-1961 WIll give a dose commitment corresponding
to about one to one and a half years of exposure from
natural radiation.

48. In the event of continued testing at a constant
rate of injection, equilibrium conditions would obtain
in about 100years, except for CH. For this nuclide equi
librium conditions would imply many thousands of years
~f te?ting. Th7dose commitment from one year of injee
t~011: IS nume~l~ally equal to the yearly dose under equi
librium conditions at the same rate of injection. The
dose commitments per year of testing at the assumed
rate are compared with the dose commitments due to one
year of natural irradiation and medical and occupational
exposure in table Ill, columns 5-7.

49. If the dose commitment is derived from an inte
gration of future doses to infinite time the dose from
CH will be found to contribute more than 60 per cent
o.f t~e total dos~ from fall-out. If, however, the integra
tion IS only carried out to the year 2000 the contribution
from CHis only about 5 per cent of the d~se from fall-out.
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V. Comparative genetic and somatic risk estimates

.44. The period of practice for which the dose com
mitrnents have been calculated is the period 1954-1961
(eight years). It has been assumed that all the weapon
t~sts were ~arrie~ out during this period and none pre
viously. This period has been used because it is difficult
to analyse the measurements of fall-out to determine the
actual doses li~e1y to be received from anyone series
of nuclear testing, but only the doses arising from the
total testing so far carried out.

45. The dose commitments to all generations due to
nuclear weapon testing during this period are given in

41. The estimation of the dose from current fall-out
is possible with some accuracy on the basis of observed
data. However, when one attempts to predict levels of
activity on the ground or in foodstuffs due to past and
future testing, and to derive the ensuing doses, the
unknowns make any estimate extremely difficult.

42. In the case of external exposure and internal ex
posure from substances with rapid turnover, the dose
commitment from a given period of practice can be
calculated as the dose actually received up to the present
date plus the dose to be expected in the future. For
isotopes, such as Sr'", with slow turnover, the same cal
culation is more difficult. As has been shown in annex F,
part Ill, the dose-commitment from Sr90 can be derived
from an integral of the environmental contamination

D", = k f"'c (t) dt
t,

If experimental data are available for the.period to to h,
the dose commitment can be written

D", = k (f'c (t) dt + f"'c (t) dt)
t, ~

where the first integral can be evaluated from the meas
ured values of c(t) and the second integral has to be
derived from a predicted future environmental contami
nation. It should be realized that the dose actually re
ceived during the period to to tl is only part of the first
integral (F Ill, 67).

43. The dose-commitments given in table Il have been
calculated on the following assumptions with regard to
testing conditions:

(a) Testing up to the end of 1960. The dose-commit
ments can partly be derived from experimental data (cf.
para. 42). The future doses have been calculated on the
basis of a total atmospheric injection of 6.6 Me Sr90 and
2.2 X 1028 atoms of CH.

(b) Future testing. As a model to be used for the cal
culation of the doses from possible future testing, it has
been assumed that the yearly rate would involve the in
jection of 1 Me Sr90 and 1028 atoms of 0 4 into the
atmosphere;

(c) Testing d~tring the period 1954 to 1961 inclusive.
Since the experimental data do not permit an assessment
?f the atmospheric injection of Sr 90 and CH during 1961,
It has been assumed for the purpose of the dose estimates
that the total injection during the period 1954-1961 (8
years) was (6.6 + 1) = 7.6 Me Sr oo and (2.2 + 1) 1028

= 3.2 X 1028 atoms of CH. It is shown in annex F
part I, that this is the most reasonable estimate that
the Committee can at present venture to make.



TABLE n. DOSE COMMITMENT FROM NUCLEAR TESTING

e

Future les/$

Dose commil
ment Per year

of lesling
(mrem)

Fractio« of
dose commit
men/ re(Jc~d

by ZOOO

Tesls 1954-1961

Dose
commit.

me'"
(m"m)Organ

Gonads ....•..... '" '" All sources but CIl 41
CtC..... ......•... 70

TOTAL 111

Cells lining bone surfaces All sources but CU 128
Cl................ 116

TOTAL 244

Bone marrow ..........•........All sources but CU 84
0·...... 70

TOTAL 154

0.97
0.10

0.42

0.94
0.10

0.54

0.94
0.10

0.56

7
22

29

20
37

57

13
22

35

TABLE nl. COMPARISON OF RISK-

(Dose commitment to all generations)

Tests 1954-191$1 Fulure tests

Dose commi/",."I (mrem) Dose <ommitmenl peryear Dj /es/ing (mrem)

GO>lads
Cells lining Cells lining

bolU surjac.s Bone marrr>fD Gonads bone surfaces Bone marroltJ

Natural sources .... 1,000 (1.00) 1,040 (1.00) 1,000 (1.00) 125 (1.00) 130 (1.00) 125 (1.00)

Medical and
occupational> ..•. 300 (0.30) ? 400-800 (0.4-0.8) 37 (0.30) ? 50-100 (0.4-0.8)

Fall-out:
All but CH...... 41 (0.04) 128 (0.12) 84 (0.08) 7 (0.06) 20 (0.15) 13 (0.10)
ell............. 70 (0.07) 116 (0.11) 70 (0.07) 22 (0.18) 37 (0.28) 22 (0.18)

Total fall-out ...... 111 (0.11) 244 (0.23) 154 (0.15) 29 (0.23) 57 (0.43) 35 (0.28)

• Figures in parentheses indicate contribution relative to
natural sources.

b See table I, footnote.
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ANNEX I

LIST OF OFFERS TO ASSIST IN MEASUREMENTS OF SAMPLES

1. The Governments of the following Member States informed the Committee
before 10 March 1962 that they had made known to other Governments the extent
to which they are prepared, at the request of other Governments, to receive and
analyse samples in accordance with the programme of work of the Committee, in
response to section IV of General Assembly resolution 1376 (XIV) of 17 November
1959: Argentina, Australia, Belgium, Canada, Denmark, France, India, Israel, Italy,
Japan, Norway, Sweden, Union of Soviet Socialist Republics, United Kingdom of
Great Britain and Northem Ireland and United States of America.

2. Similar communications were received from the International Atomic Energy
Agency and the World Health Organization.
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ANNEX J

UST OF REPORTS SUBMITfED TO THE COMMITTEE

1. This annex lists reports received by the Committee from Governments, spe
cialized agencies, the International Commission on Radiological Protection and the
International Commission on Radiological Units and Measurements.

2. All those reports are included of which a sufficient number of copies for dis
tribution in the AIAC.82/G/R. and AIAC.82/G/L. document series were received
before 10 March 1962.

3. The first 213 reports received by the Committee are listed in annex I of its
first comprehensive report.*

• Official Records of the General Assembly, Thirteenth Session, Supplement No. 17
(A/3838).
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Country am! title
Document

No.

228

A/AC.82/G/R.

BRAZIL

Radio-active products in the soil and in
the atmosphere.

A/AC.82/G/L.

UNITED KINGDOM

241 The deposition of long-lived fission prod
ucts from nuclear test explosions.

UNITED STATES

242 Critique of the linear theory of carcino
genesis.

243 Geochemical scavenging of strontium.

244 Uptake of waste Sr 90 and CSU7 by soil and
vegetation.

245 Beneficiation of soils contaminated with
strontium-vu: beneficial effects of potas
siurn,

246 The distribution of radio-activity from
ram.

CZECHOSLOVAKIA

229 Measurements of radio-active fall-out on
the territory of the Czechoslovak Repub
lic.

230 The role of deoxiribonucleotides in irradi
ation sickness.

231 Damage of the liver cell produced by a
small dose of radiation.

UNITED STATES

232 Common strontium content of the human
skeleton.

233 Current strontium-90 level in diet in
United States.

234 Long-term fall-out, a summary of meas
urements made through June 1957 by the
gummed-film network of the AEC.

235 Environmental contamination from weap
ons tests.

236 The shorter-term biological hazards of a
fall-out field.

GERMANY

237 Tables of radiological data.

ITALY

238 Data on radio-active fall-out, collectedin
I taly Clan uary-June 1958).

POLAND

239 Measurements of radio-active fall-out and
airborne radio-activity in Warsaw and
Cracow during the year 1957.

UNITED STATES

240 Some measurements of the radio-activity
of the air during 1957.
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Coutl&ry and Wle

Addendum to above document.

Corrigendum to above document.

Addendum to above document.

Addendum to above document.

Addendum to above document.

Addendum to above document.

Addendum to above document.

Leukemia in Hiroshima City atomic bomb
survrvors,

UNITED KINGDOM

Radio-active and natural strontium 10

human bone. UK results for 1957.

UNITED STATES

Detection of radiation effects on hair
roots of the human scalp.

Fission product radio-activity in the air
along the 80th meridian January-June
1957.
The biological effects of atomic radiation.
The effects of radiation on oceanography
and fisheries.

CANADA

Consanguineous matings as a means of
evaluating the effect of deleterious reces
sive genes on fertility in humans.

DENMARK

Gonad-dose-measurements in Denmark.

Risk of parenthood and risk of subsequen t
parenthood. Denmark, 1955 and 1956.

Genetically significant radiation doses
from diagnostic radiology in Denmark.

ARGENTINA

Distribuci6n geografica del calcio y pota
sio solubles del suelo en la Republica
Argentina.

UNITED STATES

Tabulated results of radio-strontium
analyses.

Strontium-90 in man, l I,
Manual of standard procedures.

Addendum to above document.

DOlumen&
No.

214

215

218

217

221

216

219

220

222

223

227

224
225
225/

Add.I

225/
Add.2

225/
Add.2/
Corr.I

225/
Add.3

225/
Add A

225/
Add.5

225/
Add.6

225/
Add.7

226

A/AC.82/G/R.

ARGENTINA

Descontaminaci6n y potabilizaci6n de las
aguas del Rio de la Plata luego de una
explosi6n nuclear.



Country and title
Document

No.

UNITED STATES

277 Quarterly statement on fall-out by the
US Atomic Energy Commission, October
1959.

278 Strontium program quarterly summary
report.

GERMANY

The recent increase in the CI4 content of
the atmosphere, the biosphere and the
ocean.

279

UNITED STATES

275 Quarterly statement on fall-out by the
USAtomic Energy Commission-Septem
ber 1959.

ILO
276 The protection of workers against ionising

radiations.

AIAC.82/G/L.

UNITED STATES

268 Atmospheric aspects of strontium-90 fall
out.

269 Accidental radiation excursion at the
Y-12 Plant.

270 The acute radiation syndrome.
271 Strontium program quarterly summary

report.

BELGIUM

272 Mesures des doses aUK gonades recues
lors d'examens radiologiques.

UNITED KINGDOM

273 Radio-active and natural strontium in
human bone-UK results for early 1958.

274 Radio-active and natural strontium in
human bone-UK results for mid- and
late 1958.

Country and title
Dowment

No.

262

AIAC.82/G/L.

UNITED STATES (continued)
247 Radiation dose rate and mutation fre

quency.
248 Retention of radio-active bone-seekers.
249 Hazard to man of carbon-14.

UNITED KINGDOM

250 A preliminary survey of radiostrontium
and radiocaesium in drinking water in the
United Kingdom.

UNITED STATES

251 Radiation exposures from nuclear tests at
the Nevada test site.

252 Genetic and somatic effects of carbon-Id,
253 Radiochemical analyses of air-filter sam

ples collected during 1957.
254 CSl 37 biospheric contamination from nu

clear weapons tests.
255 Determination of tungsten-185, stron

tium-90, barium-140, and cesium-137 in
fall-out samples.

256 Entry of radio-active fall-out into the
biosphere and man.

257 Radiocarbon from nuclear tests.
258 Analysis of stratospheric strontium-90

rneasurements,

259 Nuclear-critical accident at the Los Ala
mos Scientific Laboratory on Decem
ber 30, 1958.

260 Atmospheric radio-activity studies at the
US Naval Research Laboratory.

261 Gamma radio-activity of people and milk.

ITALY

Data on radio-active fall-out, collected in
Italy (July-December 1958).

263

264

265

266

267

FRANCE

Quelques donnees recentes sur la conver
sion roentgen-rad dans l'os et le muscle.

BELGIUM

Comparative sensitivity to radiation of
seeds from a wild plant grown on urani
ferous and non-uraniferous soils.

CANADA

Levels of strontium-90 in Canadian milk
powder samples up to the end of Decem
ber 1958.

UNITED KINGDOM

Strontium-90 in human diet in the United
Kingdom, 1958.

DENMARK

Therapeutic abortion on account of X-ray
examination during pregnancy.
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280

281

282

283

284

285

UNITED STATES

Stratospheric carbon-14, carbon dioxide,
and tritium.

CANADA

Contamination of the NRU reactor 10
May 1958.

ITALY

Data on environmental radio-activity,
collected in Italy (January-June 1959).

NORWAY

Cesium-137 in milk.

CANADA

The analysis of the strontium-90 levels in
Canadian milk up to 1958.

INDIA

Strontium-90 in milk and human bone
in India.



Document
No. Country and title

Document
No. Country and title

Addendum to above document.

NORWAY

Wet and dry deposition of fall-out mate
rials at Kjeller.

ARGENTINA

Fall-out en la Republica Argentina du
rante 1959.
Estudio de la contaminaci6n del Prochi
lodus platensis (Sabalo) con productos de
fision.

La precipitacion radiactiva atrnosferica
en la Republica Argentina en el perfodo
Enero 1957-Julio 1958.

UNITED STATES

Measurements of the air concentration of
gross fission product radio-activity during
the IGY~July 1957-December 1958.

NEW ZEALAND

Environmental contamination.

Notes on measurements of alpha-particle
activity of soils, fertilizers, plants and
animals.

AUSTRALIA

Strontium-90 in the Australian environ
ment.

UNITED STATES

Radiochemical analyses of air-filter sam
ples collected during 1958.

Effect of soil nutrients on plant uptake
of fall-out.

Symposium on occupational health expe
rience and practices in the uranium in
dustry.

Press release HEW-L6. US Dept. of
Health, Education and Welfare, regard
ing radio-activity in milk, dated 20
August/59.

Press release HEW-L44. US Dept. of
Health, Education and Welfare, regard
ing radio-activity in milk, dated 3 Octo
ber/59.

Fall-out from nuclear weapons tests, vol
ume 1.

Addendum to above document.

306

307

308

313

310

312

309

311

314

315

317

316

320

318

322/
Add.1

322/
Add.2

319

321

322

A/AC.82/G/L.

SWEDEN (continued)

Dosage implications based on micro
scopic distribution.
A method for determination of the stron
tium distribution in human bone.

A method for photographic identification
of microscopical radio-active particles.
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INDIA

Measurements on the ground deposition
of fission products from nuclear test ex
plosions.

Airborne fall-out measurements in India.

Measurements of cesium-137 in Indian
and foreign milk.

CANADA

Automatic linkage of vital records.

SWEDEN

Gamma radio-activity of Swedish people
measured during May and June 1959.

Fractionation phenomena in nuclear
weapons debris.
CS 137 in Swedish milk and soil.

Determination of Sr90 in dried milk, milk
and soil.
Addendum to above document.

UNITED STATES

Industrial radio-active waste disposal.

Addendum to above document.

FAO

Radio-active materials in food and agri
culture.

Corrigendum to above document.

FRANCE

Activite de l'atrnosphere due au krypton
85.

Radioactivite artificielle dans la strato
sphere.

Modifications de la radioactivite na turelle
due au carbone-14.

Polution de I'air et irradiation au sol dues
au panache d'un reacteur en fonctionne
ment normal.

Mesure du rayonnernent l' du corps hu
main.

CS 137 in Swedish milk-results up to June
1959.

The fission products ZrS5 and Nb 95 in
Swedish milk.

Recent fall-out measurements in Sweden.

Gamma radiation from nuclear weapons
fall-out.

286

292

290

289

291

288/
Corr.l

287
287/

Add,l

288

293

298

297

300
301

295

296

294

299

301/
Acid.1

302

303

304

305

A/AC.82/G/L.

UNITED KINGDOM

The deposition of fission products from
distant nuclear test explosions: re sui ts to
mid-1959.
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Country and title

UNITED STATES

An investigation of the late clinical find
ings following thorotrast (thorium diox
ide) administration.

GERMANY

Estimate of future Sr 90-deposition.

FINLAND

Measurements of the amount of radio
active fall-out in Finland.

UNITED STATES

Natural aerosols and nuclear debris stud
ies. Progress Report H.

SWEDEN

The transfer of strontium-90 from mother
to fetus in mice.

UNITED STATES

Press release HEW-M46, dated 4 Febru
ary 1960.

SWITZERLAND

Bericht der eidgenossischen Kommission
zur Uberwachung der Radioaktivitat zu
handen desIBundesrates.

WHO

Methods of radio-chemical analysis.

Effect of radiation on human heredity:
investigations of areas of high natural
radiation.

UNITED KINGDOM

Strontium-90 in milk and agricultural
materials in the United Kingdom, 1958
1959.

Addendum to above document.

CANADA

Gonadal exposure dose to ad ults in diag
nostic radiography.

Document
No.

344

345

346

343

347

350

348

349

351

352

353

354

354/
Add.1

355

356

357

A/AC.82/G/L.

UNITED KINGDOM

342 Radio-strontium and radio-caesium in
drinking water in the United Kingdom.

SWEDEN

Physical aspects of the radio-active fall
out over Scandinavia, especially during
the period October 1958-0ctober 1959.

The increase of 'Y-radiation from the
ground in Sweden (1950-1959) caused by
fall-out from nuclear weapon tests.

A method for the automatic recording of
ionizing radiation.

The radio-active fall-out in Sweden 1957
1958.

Country and title

NORWAY

Radio-active fall-out in Norway, 1959.

GERMANY

Sonderausschuss Radioaktivi tat-Radio
aktive Partikel.

U NITED STATES

Radio-activity of surface waters of the
United States.

Press release HEW-M9. US Department
of Health, Education and Welfare, dated
December 31, 1959.

Quarterly statement on fall-out, by the
US Atomic Energy Commission.

FRANCE

Rapport sur le problerne des doses aux
gonades resultant de I'utilisation medi
cale des radiations ionisantes en France.

Document
No.

335

FRANCE

333 Radioactivite de l'air et des precipitations
au niveau du sol dans la region parisienne.

334 Etude autoradiographique du metabo
lisme du 131 iode chez le rat.

UNITED STATES

Health and Safety Laboratory stron
tium program quarterly summary report
HASL-77, dated 1 January 1960.

336

340

337

339

341

338

A/AC.82/G/L.

USSR
323 Onpexeaenae sarpaaaeaaf 6Hoc<lJepDI npo

p;yltTaMH Jlp;epmx HClThITaHH.tl: (C60pHHK
cTaTe.tl:).

324 0 tIyBCTBHTeJIbHOCTH Hep:BHoit CIICTeMliI R
CJIa6I>IM pa,n;lIal\HoHHnIM Bos,n;eitCTBIIJIM.

325 OrryxOJIII y spsrc, B03HlIRIIIHB rrOCJIe BHyT
paopromaaaoro Bnep;eHIIJI a30TIIORHCJlOro
ilIJlYTOHIIH (Pu-239).

326 Hesoropne ,n;aHHDIe 0 BJIIIJIHIIR IIOHIISnpyro
IIJ;nx H3JIytIeHHit Ha HYUBIIHOllliIe nenreersa
B atRBOM opraaaaae,

327 0 5HOJIOTIltIBCROM )l;eJ:l:CTBHlI HOHlI:mpyrom;e:lt
pa,n;nan;lIlI B MaJIhIX )l;03ax.

328 0 HeltOTOpDIX aasoaoxepaocrax B03HlIltHO
BeIIlIJI OCTeoreHHhIX capsoa, HHp;yn;npoBaH
IThIX pap;lIoII30TonaMII.

329 0 He:ll:poryMopaJThHoit peryranaa RJIeT01JIIO
ro p;eJleHHJI.

330 Bsmaneaae CTpOIIIJ;IIJI-90 Ha JIOBepXIIOCTI>
reppnropaa CCCP.

331 8a)l;allH BKcrrepnMeHTaJIbHoil: TBXHJIRII Jly-qe
BhIX B03)1;eJ:l:cTBHit II aesoropsre paaaooac
JIOrlItIeCKHe ,n;aHHhIe.

332 )l;eitCTBlIe IIOHH3IIPyrom;e:ll: paaaanaa Ha
6aKTeplIaJIbH1le BIIPyCDI.
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Document
No. CllUntry and titk

Docununt
No. Countryant!titltJ

Behavior of radio-active fall-out and air
masses around Japan.
The residence time in the atmosphere of
the debris from atomic test explosions.

Radio-activity of airborne dusts and
atmospheric pressure patterns.
Sr90 deposition and meteorological fac
tors.
Deposition of radio-active dust and
atmospheric conditions.
Radio-active fall-out in Japan and its
bearings on meteorological conditions.

Strontium-90 in Western North Pacific
surface waters.
Cesium-137 and strontium-90 in fall-out
deposits.
Local changes in Sr90 deposition in the
soil as observed in Hokkaido Island,
Japan.
Neptunium-239 content in the radio
active rain water collected in Japan dur
ing the period 1954-1958.
Recent variation in the atmospheric
radio-carbon and the problem of transfer
of radio-carbon into hydrosphere.

Research on radio-activity in stock rain
water of lighthouses in Japan.
Radio-active contamination of milk and
milk products in Japan.
Radio-active contamination of marine
products in Japan.

UNITED KINGDOM

Radio-active and natural strontium in
human bone, UK results for 1959. Part I.
Bibliography of papers published in the
United Kingdom from January 1959 to
May 1960 on radio-biological and allied
subjects-MRC.60/735.

JAPAN

Radio-active contamination in the upper
atmosphere.
On the radio-activity and particle analysis
of airborne dust in the troposphere.
Corrigendum to the above document.

UNITED STATES

Fall-out program quarterly summary
report (March 1, 1960 through June 1,
1960).

,

j- rlIIIII

392

393

394

391

390

389

382

383

385

386

388

380

387

380/
Corr.l

381

384

379

377

378

376

375

AIAC.82jG/L.

UNITED KINGDOM (continued)

The radio-activity of the atmosphere near
ground level due to distant nuclear test
explosions.

the

at Riso,

at Riso,

at RisB,

NORWAY

On the transportation and deposition of
fall-out materials.
Fall-out over Norway from high-yield
nuclear explosions.

UNITED KINGDOM

Training in radiological health and safety.
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BELGIUM

Programme "Evolution du Sr90 dans les
sols et les vegetaux".

INDIA

Evaluation of future levels of radio-active
fall-out.

ITALY

Data on environmental radio-activity,
collected in Italy (July-December 1959).

DENMARK

Environmental radio-activity
April 1, 1957-March 31, 1958.
Environmental radio-activity
April 1, 1958-March 31, 1959.
Environmental radio-activity
Report No. 14, 1959.

UNITED STATES

Leukemia in Hiroshima atomic bomb
survivors.

SWEDEN

The genetic background to the reactions
of various mouse strains to X-rays.
Distribution of saG in mice after injection
of SaG-cysteamine.

Critical analysis of measurements of the
gross fission product activity in the air at
ground level.
Health and Safety Laboratory fall-out
program quarterly summary report.

FRANCE

Evolution de la teneur du lait et des
vegetaux en radioelements artificiels dans
l'est de la France (periode du ler janvier
1958 au ler octobre 1959).

UNITED KINGDOM

Strontium-90 in human bone in
United Kingdom (1956-1958).
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370
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365

366
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360
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UNITED STATES

The biological effects of atomic radiation.
(Summary reports 1960.)

Addendum to above document.



Document
No. Country and title

Document
No. Country and title

UNITED KINGDOM

Radio-active and natural strontium in
human bone, UK results for 1959. Part 1.

Bibliography of papers published in the
United Kingdom from January 1959 to
May 1960 on radio-biological and allied
subjects-MRC.60/735.

JAPAN

Radio-active contamination in the upper
atmosphere.
On the radio-activity and particle analysis
of airborne dust in the troposphere.

Corrigendum to the above document.

Behavior of radio-active fall-out and air
masses around Japan.
The residence time in the atmosphere of
the debris from atomic test explosions.

Radio-activity of airborne dusts and
atmospheric pressure patterns.
Sr 90 deposition and meteorological fac
tors.
Deposition of radio-active dust and
atmospheric conditions.

Radio-active fall-out in Japan and its
bearings on meteorological conditions.

Strontium-90 in Western North Pacific
surface waters.
Cesium-137 and strontium-90 in fall-out
deposits.
Local changes in Sr 90 deposition in the
soil as observed in Hokkaido Island,
Japan.
Neptunium-239 content in the radio
active rain water collected in Japan dur
ing the period 1954--1958.
Recent variation in the atmospheric
radio-carbon and the problem of transfer
of radio-carbon into hydrosphere.

Research on radio-activity in stock rain
water of lighthouses in Japan.
Radio-active contamination of milk and
milk products in Japan.
Radio-active contamination of marine
products in Japan.

380/
Corr.1

381

378

379

380

394

392

382

383

390

388

387

377

384

393

391

385

386

389

AIAC.82/G/L.

UNITED KINGDOM (continued)

375 The radio-activity of the atmosphere near
ground level due to distant nuclear test
explosions.

UNITED STATES

376 Fall-out program quarterly summary
report (March 1, 1960 through June 1,
1960).

DENMARK

Environmental radio-activity at Rise,
April 1, 1957-March 31, 1958.
Environmental radio-activity at Rise,
April 1, 1958-March 31, 1959.
Environmental radio-activity at Rise,
Report No. 14, 1959.

Critical analysis of measurements of the
gross fission product activity in the air at
ground level.

Health and Safety Laboratory fall-out
program quarterly summary report.

FRANCE

Evolution de la teneur du lait et des
vegetaux en radioelements artificiels dans
l'est de la France (periode du 1er janvier
1958 au ler octobre 1959).

UNITED KINGDOM

Strontium-90 in human bone in the
United Kingdom (1956-1958).

UNITED STATES

Leukemia in Hiroshima atomic bomb
survivors.

BELGIUM

Programme "Evolution du Sr90 dans les
sols et les vegetaux".

SWEDEN

The genetic background to the reactions
of various mouse strains to X-rays.

Distribution of SB5 in mice after injection
of S35-cysteamine.

NORWAY

On the transportation and deposition of
fall-out materials.
Fall-out over Norway from high-yield
nuclear explosions.

ITALY

Data on environmental radio-activity,
collected in Italy Cluly-December 1959).

INDIA

Evaluation of future levels of radio-active
fall-out.

UNITED KINGDOM

Training in radiological health and safety.

427

358/
Add.1
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UNITED STATES

The biological effects of atomic radiation.
(Summary reports 1960.)

Addendum to above document.
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JAPAN (continued)
.395 The rapid radio-chemical determination

of caesium-137.

396 The concentration of cesium-137 in hu
man tissues and organs.

397 Measurements of radiation doses due to
background gamma rays by plastic sein
tillators.

398 Cytological effect of hot rain.
399 Effects of radiations on mitoses studied

by Tradescantia test in vivo. 1. X-ray
irradiations by small doses.

400 Statistical observations on leukemias in
Hiroshima during the past fourteen years
(1946-1959).

401 Optimum mutation rate and degree of
dominance as determined by the principle
of minimum genetic load. ~

402 Relative applicability of the classical and
the balance hypotheses to man, especially
with respect to quantitative characters.

403 Human genetic study in Japan.

USSR
404 OTp;aJIeHHhIe nocaeacrsmr nopameHHit, naa

IlaHHLrX Il03p;eficTBHeM HOHH3Hpyro~ett pa
iJ;lIan;HH.

405 BJIIIJIHHe 1I0HH3IIPYIOIIJ;IIX H3JIyqeHHtt Ha
.nJlO,n;OBHTOCTD caMOR HeIWTOpliIX BII)J;OB rpsr
3yHOB.

406 reHeTHtIeCItaJI onaCHOCTh MaJIliIX ;n;03 pa
,n;lIan;HH ,n;JIH tIeJIOIlCRa II HX 9epcpeKT Ha
HaCJIc,n;CTBeHROCTb 06e3:hHH H rphI3YHOB.

407 KOHTpOJIHpOBaHHc CCTeCTBeHHOrO MYTan;lI~

onaoro nporrecca,
408 BJIII.fIHUC MauIX ,n;OS aoansapymnen paAlI

anaa aa qaCToTy B03BIIRHOBCHHH cnerraea
HTi£X C nOJIOM pCn;eCCHBHIiIX JICTaJIbHIiIX MY

Tan;lIit Y p;posoepnJIliI.

409 Pa,I\IIOtIYBCTBHTCJIbHOCT:h paamrx cTap;nfi
cnepxaroreneaa Y Drosophila melonoqa
sier,

Country and title
Document

No.

430

429

431

433

432

434
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USSR (continued)
416 reHeTlItIeCEaJI pa~0tJ:YBCTBllTeJThHOCTbR,te

ronpaaanx BII)l;OB MJICKOIIHTalOIII,nx.

417 8cPcPCKT MaJIliIX ,n;03 pap;IIaII;HJI Ha XpOMo-
COMHIilC nepecrpoasa npa OOJIytIemHI xre
ros B KyJIbTypax 9M6plIOHaJIbHliIX TERRe!
lfeJIOBeIta.

418 BJIIIJIllIIe reaonma opraaasxa Ha lfYJlCTllII
'J'CJIDHOCTL .ff,n;cpHoro aIIIIap~Ta It MaJlMM Aa
saM HOHlI3npylom;cii paaaarraa.

419 POJIb HaCJIep;CTBCHHliIX ocotieanocref B pa
,n;UOIlYBCTBIITCJIbHOCTII jIIHBOTHliIX.

420 06 9ItCIICpIIMCHTaJI:hHofi o6paTHMOCTII JJ,i\ep
HMX IIoBpCntp;eHIIit B 06!IJ1IcHHIifX ItJIeTKax:
MJICROIIlITaIOm;UX.

421 CpaBHIITCJIhHOC 1I3YlIcHlle9w(peItTHBHOCTII
O,I\HOKpal'HOrO 1I cPpaltII;HOHllpoBaBHoro
pearreaonesoro OOJIylfeHHJI ceMeHHIIKOB
MbIIIIlI.

422 CpaBHIITCJIbHaJI pa,lOIOlIynCTllIITCJILHOCTb
.fIIIl:JHHltOB 06C3b.fIH M acaca mulatta IT Mbl

mcfi npn oOJIYl:JeHlIH pCHTreHOBliIMR JY
lIaMII.

423 8cPcPCltTlIBHOCTL 61IOJIOfJIllCCKOrO P;CltCTDHJI
CH IIpII ero BltJIIOtICHIIH B {J{HBliIC crpyK-
~liI. •

424 IJ;IIl'OrCHCl'IIlICCKaH pa,n;uolIynCTBHTCJIDHOCTb
nOJIOBliIX UCTOE o6cs:hJIH II MliIITIeil: Ha ypOB

HC MaJIliIX H ,n;pyrnx ,n;os.

425 I!;UTOJIOrHlfCCEHC .n;ORaSaTeJThCTBa qlII3nO~O

flItICCROit 3aIn;JmI;CHHOCTII aYTOTcTpaIIJIOII
)J;OB rpClfIIXH (Fagopyrum esmlent1l1lJ
moenh) OT .n;CltCTBHJI HOHH3HPYIOIn;clt pa
,n;HaII;IIII.

426 Pa,n;lIan;IIOHHQC nopaaeane pbIO.

427 OCOOCHHOCTH HH,n;yn;IIpoBaBHoro MYTaWioH
noro rrponecca y MlIRpoopraHH3MOB.

SWEDEN

428 The concentration of some fission product
nuclides in ground-level air during the
period September 1957-December 1959.

UNITED STATES

Secretion of dietary strontium-90and
calcium in human milk.

X-ray induced chromosome aberrations
in mammalian cells in vivo and in vitro.
Sex-linked recessive lethals in Drosophila
whose expression is suppressed by. the
Y-chromosorne.

X-ray sensitivity of primary sperrnato
cytes of the mouse.
Summary of available data on the stron
tium-90 content of foods and of total diets
in the United States.
Mutation frequency at low radiation in
tensity.

... 'Country and title

3am;HTHIi!ii.f)cP(PeI(.T nacreaaaaa (,B-MCp
KallT09TlIJIaMHHa) Ha XpOMOCOMHIiIe rrepe
CTp01l.KlI B TlmHJIX 06e3b.fIH 1I MMmc.lt

reHCTI.ftIeCltlltI: 9WqJCKT pap;lIaII;IIll Y MHRpO
opraHIi3MOB npn pa3JIHtIHMX rrepeorpojtnax
H)l;epHIilX CTpyltTyp.

06paTlIMOC'rD nnroreaeraseoxax nonpeaote
UHit, naananasrx paaaanaen.

BI:lOJIOrH1IeCI(.asI OIIaCHOCTL OT rrOBIiImCHH.fI

ROHn;CHTpaU;UH CH n PC3YJII,TaTC B3pI>IBOB
JIp;epHIilX 60M6.

IIPII1IIIIlIiI pamoycronaanocra pacreaaz.

OTHOClITCJI1HaJI rCHeTIltICCltaJI paaaoxyn
CTBUTC.JI:hHOCThpa3JIJfllHLIX TIIIJt;OB MJICROnII

ranmax II )I;p03 OcPHJIliI.

Document
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411

410

412

413

414

415

428
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UNITED STATES (continued)
435 Factors causing a high frequency of mice

having the XO'sex-chromosome constitu
tion.

436 Genetic control of physiological processes:
The genetics of radiation toxicity in ani-
mals. .

437 Radio-activity of invertebrates andother
organisms at Eniwetok Atoll during 1954
1955.

429

438

439
440

441

442

443

444

445

445/
Add.1

445/
Add.2

445/
Acld.3

445/
Add.4

445/
Add.S

445/
Add.6

4·45/
Add.?

445/
Add.8

445/
Add.9

446

447

Ratio of cesium-137 and strontium-90
radio-activity in soil.

The error hypothesis of mutation.

Strontium-90 in North Atlantic surface
water.

Leukemia in Nagasaki atomic bomb sur
vivors.
Neoplasms among atomic bomb survivors
in Hiroshima City.
Special report on high altitude sampling
program.
Evaluation of radiological conditions in
the vicinity of Hanford for 1959.

AUSTRIA

Data compiled by the Bundesstaatliche
Bakteriologisch-Serologische Untersuch
ungsanstalt in Linz, the Bundesanstalt
Fuer Wasserbiologie und Abwasserfor
schung at Wien-Kaiserrnuehlem and the
Zentralanstalt fuer Meteorologie und
Geodynamik in Vienna as to the degree
of radio-activity in air and water.

Addendum to previous document.

Addendum to previous document.

Addendum to previousdocument.

Addendum to previous document.

Addendum to previous document.

Addendum to previous document.

Addendum to previous document.

Addendum to previous clocument.

Addendum to previous document.

IAEA
Radiation damage in bone.

DENMARK

Excerpt fr0111 draft-report on the activi
ties of the Danish AEC for the period
from 1 April 1959 to 31 March 1960.

A/AC.82/G/L.

DENMARK (continued)
448 Strontium-90 in human bone.

449 Information regarding levels of 5r90 and
. CS137 in rainfall up to the end of 1959.

UNITED STATES

450 Consanguineous marriages in the Chicago
region.

451 Radiation dose rate and mutation fre
quency.

452 Influence of dose rate on radiation effect
on fertility of female mice.

453 Acute radiation response of mice from a
cross between radio-sensitive and radio-
resistant strains. . .

454 Effects of incorporated radio-carbon, Cl',
on somatic flower-color variations and
morphological changes in the snapdragon,
Antirrhinum majus.

455 Annual report for 1959 on the radio
active fall-out study program.

4S6 'Quarterly report of the radio-active fall
out study program-january-March
1960.

GERMANY

457 The 90-strontium content of the diet of
children and juveniles in 1959.

. NORWAY

458 Meteorological fractionation of nuclear
bomb debris.

459 Determination of fall-out radio-activity
in the atmosphere by means of an air
borne filter.

INDIA

460 Fall-out observations in India after the
first French atomic test in Sahara.

i\RGENTINA

461 Radioestroncio en la Leche.

UNITED STATES

462 Dependence ofmutation rate on radia
tion intensity".

463 Some prompt and delayed effects of
X-rays on growth of human amnion cells

. (strain FL) in tissue culture. . .

464 Damage ancl recovery of mouse testi s
after 1,000 r acutelocalizedX-irradiation
with reference to restitution cells, sertoli
cell increase, and type A spermatogonial
recovery. . ..

JAPAN

465 Delayed radiation effects ion survivors of
.the atomicbombings.

466 Further studies in -radiation conditioned
behavior.



DocumIlnl
No. Counlry and tille

Document
No. Country andlilk

473 490
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JAPAN (continued)
467 The use of ionizing radiation as a motivat

ing stimulus.
468 Accumulation of radio-active materials

by fishery organisms.

UNITED STATES

469 Research in radio-biology.

ARGENTINA

470 Informe sobre mediciones radioqufmicas
de la precipitaci6n radioactiva.

CZECHOSLOVAKIA

471 Action of chloramphenicol on the change
in capacity of Escherichia coli B cells
irradiated with X-rays for phage T3.

472 The significance of the intensity of meta
bolic processes and of weight for the
radio-sensitivity of the organism.

JAPAN

The summary of researches in Japan par
ticularly related to document A/AC.82/
R.87.

A/AC.82/G/L.

ROMANIA (continued)

484 Atmospheric radio-activity in Bucharest
from J an uary to June 1960.

UNITED STATES

485 Fall-out program quarterly summary re
port, HASL-95.

486 Summary of gummed film results through
December 1959, HASL-93.

UNITED KINGDOM

487 Strontium-90 in human diet in the United
Kingdom, 1959.

SWEDEN

488 The content of CS137 and (2 r Nb) 95 in
Swedish soils.

489 The CS137 and Sr 90 content in dried milk
samples from 1958 and 1959, FOA 4,
Rapport A 4141-456, June 1960.

AUSTRALIA

Results of strontium-ninety determina
tions on samples from Lucas Heights and
Richmond, N.S.W., 1959-1960.

474

475

476

477

478

479

480

481

482

483

UNITED STATES

Measurement of bone marrow and gona
daldose from the chest X-ray examination
as a function of field size, field alignment,
tube kilovoltage and added filtration.

SWITZERLAND

Die Belastung des Menschen durch ioni
sierende Strahlen.

JAPAN

The concentration of cesium, rubidium
and potassium in human body with refer
ence to cesium-Hr,

Annual and geographical change of Sr 90

dietary intake of Japanese.
Sr90 in human bone in japan, during
1954-1960.
The environmental increase of cesium-IS?
since 1957 to 1960.

UNITED STATES

Interim report of studies of Sr 90 in adult
beagles.
The determination of internally deposited
radio-active isotopes.

DENMARK

Caesium-137 in spray-dried Danish milk.

ROMANIA

Atmospheric radio-activity in Bucharest
and Iassy in the Romanian People's Re
public.

430

491

492

493

494

495

496

497

498

499

500
501

502

503

SWEDEN

Autoradiographic and microscopic exam
ination of nuclear-weapon debris particles.
Summary report on upper-air radio
activity measurements, 1956-1960.
An approach to the question of comput
ing doses and effects from fall-out.
Radio-active fall-out in Sweden through
May 1960.

UNITED STATES

A selected list of references on marine and
aquatic radiobiology.
Radiological Health Data, Pb 161371-4,
quarterly report, July 1960.
Radiological Health Data, Pb 161371-1,
quarterly report, October 1960.
Radiological Health Data, Pb 161371-6,
monthly report, September 1960.
Initial depletion and subsequent recovery
of spermatogonia of the mouse after 20 r
of gamma rays and 100,300 and 600 r of
X-rays.
Radiation and the sex ratio in man.
The ORINS human radiation counters
Orins-38. I

CZECHOSLOVAKIA

The role of cellular cytoplasma in the
development of primary effect of radia
tion.
Strontium-90 in milk, 1957 to 1960 and
its relation to radio-active fall-out in'Cen
tral Europe.
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UNITED KINGDOM

516 Radio-active fall-out in air and rain.

NORWAY

517 Radio-active fall-out m Norway-July
1959 to July 1960.

MEXICO

518 Soluciones de la ecuaci6n de Bhabha para
una partlcula libre.

519 Producci6n mes6nica de mesones.

520 Metodos de calculo de la precipitaci6n
radioactiva.

521 Resonancia del pB por bombardeo de 0 16

con deuterones.
522 Metodos de determinaci6n del estron

cio-90.

AIAC.82/G/L.
CZECHOSLOVAKIA (continued)

504 Changes in O 2 consumption by rats dur
ing irradiation.

505 The time dependence of the man-made
radio-activity of atmospheric precipita
tion.

506 Polyvalent immunological tolerance in
homologous radiation chimaeras.

507 A brief survey of results of measurement
of fall-out and rainfall strontium-90 in
fall-out and milk.

508 Report on measurements of man-made
airborne radio-activity in IGY and IGC,
1957-1959.

509 Changes in the catalase activity of the
liver in mice after X-irradiation.

510 Effect of radiation on bone marrow cells
at various temperatures in vitro.

UNITED STATES

511 Radio-active iodine concentration in the
fetal human thyroid gland from fall-out.

UNITED KINGDOM

512 The deposition of fission products from
distant nuclear test explosions-results to
the middle of 1960.

IAEA

513 Dosimetric investigation of the radiation
accident, Vinca, Yugoslavia-Report to
the Director General of the International
Atomic Energy Agency.

UNITED KINGDOM

514 The uptake of radio-active strontium by
crops under field conditions in the United
Kingdom.

INDIA

515 Cesium-137 in milk.

-----_........

Country and title

DENMARK

Report to the Danish National Health
Board on the irradiation studies in prog
ress at the Copenhagen University Insti
tute for Human Genetics.

BELGIUM

La retombee radioactive a Mol et au
Congo.

MEXICO

Fuerzas de Wigner y el modelo de capas
del nucleo.
Fuerzas nucleares con centro repulsivo y
el modelo de capas del nncleo. Efectos de
segundo orden.

El efecto del reflector en los reactores
heterogeneos.

Sobre la generaci6n de funciones transfe
rentes por medio de distribuciones.

La interacci6n spin-6rbita entre nucleo
nes y el acoplamiento spin-6rbita en el
modelo de capas del nucleo,

Construcci6n y caracterfsticas de conta
dores de ventana de vidrio para la medi
ci6n de rayos beta y garna.

Estudio de los efectos direccionales en la
ruptura electrica de Kcl.

Energy levels of Sc46 and Ca42•

Geomagnetic coordinates and cosmic
radiation.
The simple cones of albedo of cosmic rays.

Short range forces and nuclear shell
theory.
Addendum to above document.

Velocity-dependent forces and nuclear
structure. 11. Spin-dependent forces.

UNITED KINGDOM

Bibliography of papers published in the
United Kingdom from June to Novern
ber 1960 on radiobiological and allied
subjects.

GHANA

Radio-active fall-out in Ghana.

Document
No.

530

527

534

532

529

528

537

538

533

538/
Add.l

539

535

536

540

531

541

542
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MEXICO (continued)

523 Cuarto informe sobre estudios de la preci
pitaci6n radioactiva.

524 Contador 4 'lI" con circuito de anticoinci
dencia doble.

525 Analisis quimico empleando protones con
energfas de 1.5 mev.

526 Yodaci6n de la seroalbumina con yodo
131.

431

Country and title
Document

No.
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I
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I
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No, Country and title

Document
No. Country and title
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BELGIUM (continued)

542/ Addendum to above document.
Add.1

USSR
543 Co,n;epJKaHHe Sroo :B rrotrBe H paCTHTeJIl>HOM

nospoae MOCltOBCKOit oQ.JIaCTH.

544 Co,n;epJItaHHe Sroo B MOJIOlte paansrx paao
IrOB ·COOp :B1959 rop,y.

545 I1cCJIe,lJ;OBaHlIe cO,ll;epJKaHlIJI Sr90 :B aepao
BhIX ItyJIDTypax (ypoJKait 1958 rona).

546 YBe.JIIJ1leHHe COAepJRaHII.lI pap;IIoyrJIepop;a B
peayzsrare .lI,u;epHNX :BSPIilllOB.

547 K BOlIpOCY oo yBeJIHqeHBHCO,JJ;epmanHJI CH
B aTMocWepe.

548 I1cCJIe,ll,OBamIB cop;epmaHBJ:I CTPoH~.lI-90 B
xapTotj>e.lIe, MO.lIQKB II pac.TlITe.lIliHOM noxpo
Be .IleHHnrpap;cKoit OOJIaCTH (1957-1959
ro,n;IiI).

549 Pap;noxIIMRtreCRn6 M6T0,ll,liI anazaaa acsyc
CTBeHH'IiIX pa)I;JIOHSO'1'OnOB B paSJIHlffiIiIX
npapomax OO'DeKTax.

550 TOKCIl'lHOCTb pa;n;HOaltTIIBHOrO HO,ll,a B xpo
HIllIeCIWM escnepaxeare.

551 Onaop RCCJIep;OBaHHit no ol1oJIornqecltoMj
,n;eitCTBBIO pa)l;Han;IlH :B MaJIIiIX p;osax.

552 IIpHMeHeHHe TpllTHJ:I :B {iHOJIOrnqeCltHX IIC
CJIe)l;OBaHHJIX.

553 00 orraCHOCTlI 04, oopasYIOm;erOC.lI rrpa
MepHIiIX 1I3pIilllax.

UNITED KINGDOM

.554 Assay of strontium-90 in human bone in
the United Kingdom (further results for
1959).

.s5S The hazards to man of nuclear and allied
radiations. .

SOUTH AFRICA

556 Radio-active fall-out over South Africa.

UNITED KINGDOM

557 Radiological hazards to patients.

SWEDEN

558 Attempts to influence the elimination of
radio-strontium.

ICRP/ICRU
559 Exposure of man to ionizing radiation

arising from medical procedures with
special reference to radiation-induced
diseases.

ICRP
:560 Meeting with experts on somatic and

genetic radiation effects, Munich, 1959.

WHO
.561 Medical supervision in radiation work.

432
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UNITED STATES

562 Health and Safety Laboratory fall-out
program quarterly summary report,
HASL-105, January 9, 1961.

563 Radiological Health Data, monthly re
port, PB 161371-9, Volume 1, No. 9,
December 1960.

564 Fission product radio-activity in the air
along the 80th meridian (West) during
1959, NRL report 5528, August 15, 1960.

565 Atmospheric radio-activity in South
American and Antarctica, NRL report
5526, August 15, 1960.

566 Medical survey of Rongelap people five
and six years after exposure to fall-out
(with an addendum on vegetation). ENL
609 (T-179) (Biology and Medicine),
September 1960.

567 Effects of inhaled radio-active particles,
NAS Pub!. 848.

568 Long-term effects of ionizing radiatiom
from external sources, NAS Pub/. 849.

569 Effects of ionizing radiation on the human
hemapoietic system, NAS Pub!. 875.

570 Cancer Research, Division of Biology ani
Medicine, TID-11132, November 1960

571 Fate of radio-active contaminants if
water, progress report No. 2, technica
report R60-2, May 1, 1958rto June 1959

572 Radiological Health Data, monthly re
report, March 1961, PB 161371-12, Vol
ume Il, No. 3.

573 Radiological Health Data, monthly re
port, February 1961, PB 161371-11
Volume Il, No. 2.

574 Health and Safety Laboratory Iall-ou
program quarterly summary reporl
April 1, 1961, HASL·ll1.

575 Radiological Health Data, quarterly n
port, January 1961, PB 161371-11
Volume n, No. 1.

576 Radiation research in the life science
November 28, 1960.

GERMANY

577 The 90-strontium content of human boru
and tissues in 1958, 1959 and 1960.

SWEDEN

578 Advection over Sweden of radio-actio
dust from the first French nuclear te
explosion, FOA 4 Rapport A 4155-47:
(Rev.).

579 Studies on plant accumulation of Ii
sion products under Swedish conditior
1. Plant accumulation of Sr90 in pot e
periments in relation to uptake und
field conditions.
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UNITED STATES

595 Radiological Health Data. Volume Il,
Number 4, April 1961, quarterly report
US Department of Health, Education
and Welfare.

596 Radiological Health Data. Volume Il,
Number 5, May 1961, monthly report
US Department of Health, Education
and Welfare.

597 Journal of Occupational Medicine-Spe
cial Supplement, March 1961-Acute
radiation death resulting from an acci
dental nuclear critical excursion.

598 Atmospheric radio-activity and fall-out
research, TID-12616.

599 Health and Safety Laboratory fall-out
program quarterly summary report,
July 1, 1961, HASL-113.

AIAC.82jGjL.

SWEDEN (continued)

580 Studies on plant accumulation of fis
sion products under Swedish conditions.
11. Influence of lime and phosphate fer
tilizer on the accumulation of SrB9 in red
clover grown in 29 different Swedish soils.

581 Studies on plant accumulation of fis
sion products under Swedish conditions.
Ill. Accumulation of Sr 90 in the aerial
parts of different weed species at varying
Ca-level in soil.

NORWAY

582 Fall-out in Norwegian milk in 1959
Report No. 5-0003.

583 Seasonal and latitudinal variations in
radio-active fall-out-Report No. F-0412.

•

Document
No.

584

585

586

587

588

589

590

591

592

593

594

Country and title

FAO
Dietary levels of strontium-90 and
cesium-137.

ARGENTINA

Dosis genHicamente significativa debida
al radiodiagn6stico medico,

NORWAY

Caesium-137 in air, precipitation, drink.
ing water, milk and beef in Norway dur
ing 1959 and 1960.

UNITED KINGDOM

Strontium-90 in milk and agricultural
materials in the United Kingdom, 1959
1960.

FRANCE
Mesures de la contamination radio-active
de la chaine alimentaire.

INDIA

Strontium-90 in milk and human bone in
India.

ARGENTINA

Contaminaci6n por radioestroncio du
rante el afio 1960.

UNITED STATES

Genetics research program of the Division
of Biology and Medicine-TID·4041.

CZECHOSLOVAKIA

Delayed changes in children following
irradiation with small X-ray doses.
An investigation of gonad ~ose exposu~e
in radiotherapy of non-maltgnant condi-
tions.

ITALY

Data on environmental radio-activity,
collected in Italy (July-December 1960).
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Document
No.

600

601

602

603

604

605

606

607

608

609

610

Country and title

FRANCE

Resultats d'une premiere enquete sur les
effets somatiques de l'irradiation foeto
embryonnaire in utero.

La technique d'autoradiographie anato
mique ala temperature de l'azote liquide.

IAEA
Survey of radio-activity in food consumed
in Austria. Report on first sampling period
(June-December 1960).

UNITED KINGDOM

Bibliography of papers published by
United Kingdom sources from November
1960 to April 1961 on radiobiological and
allied subjects.
Current data on the frequency of human
sex chromosome abnormalities, MRC.61j
716.
Relationship between the deposition of
strontium-90 and the contamination of
milk in Britain during 1958-1960.

GERMANY
The genetically significant dose in medical
uses of X-rays and radio-active materials.

UNITED STATES

Radio-active fall-out data 1959, dated
May 1960, TID-11851.
The effect of consanguinity on the dis
tribution of continuously variable char
acteristics.
Radiological Health Data, Volume I1,
Number 6, June 1961, monthly rep~rt,
US Department of Health, Education
and Welfare.
Atmospheric transport of artificial radio-
activity. '



AIAC.82/G/L.
UNITED KINGDOM

611 Dominant lethal effects of high intensity
X-irradiation of mouse spermatogonia.

612 Sex chromosome loss in mice following
irradiation of the fertilised egg.

INDIA

613 Radiochemical procedures for the assay
of low levels of strontium-90 activity in
milk, human bone and water.

USSR
614 YpOBeHD BarpJIBHeHlIJI rrpaaexaoro MOJI RT

MocepephI npO,lQ7KTaMlI ncnnrraHldt JI)l;epnQ
ro opyaaa no Ir3MepeHlIHM B IIOAMOCR<mbe
C 1955 no 1959 rOA.

615 nI06aJThHOe pacnpocrpanenae B aTMoc.pepe
H BliIJIa,D;eHIre Ha BeMJIIO pa;n;HOaRTHBHNX
npOAyRTOB JI,D;epHbIX B3phTBOB.

616 Cocraa a ROHn;eHTpaIJ;lIJI 'Pa,n;HoaRTHBHNX
aarpaaaeaaa BOBAyxa B lIH,D;HitCKOM H TlI
XOM oaeaaax ~ 1959-1960 ronax no MaTe
pnaJI8IM BRcnel\IIn;lIlI Ha BIG «BHTJI3:b».

617 BOBAeitCTBHe HOHlIBlIPYIOm;eit pap;Hau;HH Ha
HyRJIeHnoBbIit OOMen rrOJIOBbIX RJ.IeTOK can
IJ;OB-np01I3BOAHTeJlelt B OBJIBH C paanaraex
MymCItHX n lKeHCItlIX ocooeit B ax IIOTOM
erne,

618 ROJUItIeCTBeHHaJI xapasrepaerasa tIYBCTBlI
TeJIbHOCTlI IJ;eHTpaJIbHoit aepaaon CIICTeMbI
R nOHn3HpYIOIn;eMY HBJIytIeHHIO.

619 a pOJIn psaaamroancro I!OBpeac.n;eHHJI BlIJT
plIIiJIeTO'IHbIX nosepxaocrea paa,n;eJIa B OHO
JIOrlI'IeCROM AeltCTBlIlI aoaaeapyiomax H3
JIy-qeHnlt.

620 PlITMHRa ORnCJInTeJIbHbIX nponeccoa n ee
napymeaae npn .n;eltcTBlIn panaarraa.

621 Ilepexon Sr90 OT MaTepn R 1I0TOMCTBy H H3
M8HeHlIJI HepBHolt n cep,n;etIHo-cocYP;lIcToit
CHCTeMbI y nOCJIeAHlIX.

622 Ilpapona rrepnaxmrx IJ;lITBreHeTHtIeCKlIX JIY
lIeBbIX 1I0BpelKI\eHlIlt 1I ltaTlWIlITlI1JeCKaJI aa
TlIJlHOCTb XpOMOCOM.

623 a «RnCJIOpOAHOM BepepeRTe», HaOJIIOAaeMOM
npa JIYtIeBOM rrOBpelIC,D;eHRH paCTHTeJIDIThIX
H atlIBOTHhIX ItJIeTOIt.

624 R BOlIpOCy 00 oopaTIIMocTH paaJIHlJHI>IX
cPOPM pajtaarmonnoro rropaaenaa y ,IJ;nnJIQ
n,IJ;HbIX APommeBbIX KJIeTOR.

625 a neaoropsn 'llpOOJIeMaX COBpeMeHHoi1 pa
,IJ;nOOHOJIOrnn.

626 Peasnaa sopsonoro CJIOJI Ha,JI;IIOllellHlIIWB
npn B03,IJ;eitCTBmI Ha opraaaax MaJIhIX P;03
lIonHBlIpYIOIn;eJi paAlIan;nIl B yCJIOBIIJIX
nnyrpenaero OOJIYtIenHJI.

627 AnaJIH3 .n;eJiCTBlIJI OCHOBHbIX cPlIalItIeCltIIX
cP aRTOp OB, H3MeHJIIDm;nX pa,n;lIOtIynCTBn
TeJIbHOCTh.

628 Peasuaa MOBrOBoro CJIOJI Ha,D;IIOlletIHlIKOB

AIAC.82/G/L.

USSR (continued)

npa B03,n;eitCTBHlI Ha opranaan MaJIbIX A03
1I0IDIBlIpyrom;eit paAlI~I1 B yCJIOBHJIX BHfT'"
peHHero OOJIy'IeHlIJI.

629 IDJIyopecn;eHTHbIe IICC.1Iep;OBanIIJI HBMene
HlIit HyRJIeOnpOTelIAoB H lIX p;epllBaToB B
OOJIy'IeHHbIX EJIeTRax.

630 a ,n;ettCTBRR peHTreHoBcRoro OOJIytIenITH Ha
OKlICJIHTeJIbHOe cPOc.popHJInp013aHIIe 11 MH
TOXOH,IJ;plIJIX pacreaaa,

631 AeitCTBlIe MHOrOKpaTHoro pearreaoacaoro
OOJIYlJeHlIJI B MaJIbIX nosax na p;eJITeJIbHOCTb
BbICillIIX OT,n;eJI013 n;eHTpaJIDHoli: HepBHOn en
CTeMbI mlIBOTHbIX.

632 3HatIeHlIepereHepan;noHHbIx IIpOn;eCcOB B
peaKIJ;RlI TKaHeit Ha OOJIytIenHe.

633 I:IaMeHeHRJI yCJIOBHopecPJIeKTopHott AeJITeJIL
HOCTH cotiax, BbI3BaHHbIe XpOHHtIeCKIIM 06
m;nM OOJIytIeHneM npenezsao AonycTllMoit
,D;030ti: pearreaonsn JIylleit.

634 BeJIKOBbIit ooxea n HMMyHOJIOrHtIecxne
ococeaaocra RJIeTOtIHhIX opraaoanos npn
ocrpoa JIYl£eBoit OOJIe8HlI.

635 a nO,IJ;a13JIeHHlIpereIIepaIJ;HOHHIilX nponec
COB B KOCTn npn paaJIlItIHbIX YCJIOBIIJIX 00
JIyl£eHHJI ~KHBOTHbIX.

636 BRcnepHMenTaJI:bHoe H3ytIeHne rrepBH1JHOrO
MexaHH3Ma AeitCTDlIJI pazaanaa Ha Mpo
RJIeTKn.

637 Hezoropne aonpocsr BKCrreplIMeHTaJIbHO
OHOJIOrlI1JeCROrO OOOCHOBa-HHJI MaRCIIMa.1Il>
HO-,n;0IIYCTIIMLIX ROJIHtIeCTB pap;HoaKTlIBHLIX
aaororron rrpa nonanaana IlX B opraanax.

638 CneKTpoepoToMeTpnlJeCKOe H panaoaerpnne
csoe lICCJIe,IJ;OBaHHe npenaparos /l;e30KCH
pH60HyKJIeHHoBoi1 KHCJIOTbI, BbIp;eJIeHBbIX na
neuena RpbIC nocae nopaaeaaa CrpOHIJ;H
eM-90.

639 a HaqaJIbHhIX MexaH1l3Max OllOJIOfHlJeCXG
ro JJ;ettCTBHJI HOHII3Hpyrom;lIX 113JIYtIeButt.

640 a HeKOTOpbIX xexaaaaxax llJIlIjffiIIJI MU.lIblX
,n;03 xpoaaaecaoru oomero pearreaoacsoro
OOJIylIeHHJI Ha 13hIcmyro aepsayn neareas
HOCTh H nesoropue BereTaTHBHbIe lPyHK
n;IIllOeJIbIX spuc,

641 Ocotienaocta xpcaaxecnoro nopaaeaaa,
BhI3BaHHoro cTpoH:n;neM-90.

642 a xapasrepe H3MeHeHHJI nomxepnoro
crrenrpa ,IJ;HR npn Y-OOJIyl£enHIl ee pacr
BOpOB.

643 a ,IJ;nyx BH,IJ;aX paaaanaonaoro noclIeAe:lt
CTBIIJI, BhIJIJJJIJIeMhIX y CeMJIH JIlIMBnJI.

644 a nepenasa CTpOHIJ;HJI-90 caMRaMll KpbIC
AeTeHhImaM.

645 It, nonpocy 0 xapasrepncrnse CIIHTeaa 6eJI
KOB B opraHOlI)I;ax KJIeTOK TRaneit HopMaJIL
HbIX II OOJIYtIeHHhIX oeJIbIX KpbIC.

Document
No. Country and title
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DocutlUJnt
No. Country and title

Document
No. Country and t1l1e

AUSTRALIA

653 Strontium-90 in fall-out and in man in
Australia, January 1959-June 1960.

AIAC.82/G/L.

ARGENTINA

646 La incorporaci6n del 5r90- Y90 en vege
tales: estudio radioautografico de dicha
incorporaci6n en Vicia [aba,

GERMANY

647 Research on fundamental radiobiology
and somatic effects of radiation of Ger
many, 1954-1960.

648 Major radiogenetical studies carried out
in the Federal Republic of Germany dur
ing 1953 to 1960.

SWEDEN

649 Distribution of radiocesium in mice. An
autoradiographic study.

650 Radio-activity in people living in the
north of Sweden.

651 Radiocesium and potassium in Nor
wegians.

652 CS137 burdens in Swedish Laplanders and
reindeer.

SWEDEN

The protective effect of cysteamine
against genetic damages by Xvrays in
spermatozoa from mice.
Sex-ratio-an unreliable method for esti
mations of radiation hazards.

UNITED STATES

Radiological Health Data, Vol. I1, No. 7,
July 1961, quarterly report. US Depart
ment of Health, Education and Welfare.
Radiological Health Data, Vol. 22, No. 8,
August 1961, monthly report.
Assessment on the radiation dose due to
fall-out,
The dose-response relation in radiation
ind uced cancer.

UNITED KINGDOM

Radiostrontium and radiocaesium in
drinking water in the United Kingdom.
Results to December 1960.

UNITED STATES

Offsite ecological research of the Division
of Biology and Medicine-terrestrial and
freshwater.

669

670

671

672

675

674

673

676

677

AIAC.82/G/L.

UAR

661 Gonadal and bone marrow dose in medi
cal diagnostic radiology.

662 Annex to paper of estimation of gonad
dose in radiotherapy of benign conditions.

663 Report on exposure of workers of Atomic
Energy Establishment of United Arab
Republic.

664 Fall-out over United Arab Republic from
the fourth French nuclear test over Alge
rian Sahara.

665 Strontium-90, stable strontium and stable
calcium in soil, food items, water and
human bone in Egypt (UAR).

666 Committee on the Effects of Atomic
Radiation on Man. Detailed annual re
port No. 2, Cairo, July 1961.

UNITED KINGDOM

667 Assay of strontium-90 in human bone in
the United Kingdom. Results for 1960,
Part I with some further results for 1958
and 1959. Medical Research Council
Monitoring Report, Series No. 2.

668 Human bone metabolism deduced from
strontium assays.

NORWAY

Fall-out in Norwegian milk in 1960. Nor
wegian Defence Research Establishment,
Intern Rapport S-0006.

CZECHOSLOVAKIA

Chronic occupational exposure to Sr90

and Ra 226•

Results of systematic measurement of
fall-out in Hradec Kralove and Plzen,
Czechoslovakia.

SWITZERLAND

Bericht der eidgenossischen Kommission
zur Uberwachung der Radioaktivitat zu
handen des Bundesrates.
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FRANCE

Determination du rapport rad/r dans l'os
et le muscle par la methode des gaz
equivalents.
Deux ans de controle de la radio-activite
du Rhone et de la nappe phreatique.

CANADA

Strontium-90 and cesium-137 in Canadian
wheat (1957-1959).

UNITED STATES

Applications of radio-isotopes and radia
tion in the life sciences. Summary-analysis
of hearings held on March 27, 28,29 and
30, 1961 before the Sub-committee on
Research, Development and Radiation of
the Joint Committee on Atomic Energy
Congress of the US, June 1961.

Addendum to above document.

654

655

656

657

658

660

659

660/
Add.l



Document
No. Countryand title

Document
No. Country and title

Q
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UNITED STATES (continued)

678 Radiological Health Data, Vo!. II, No. 9,
September 1961, monthly report.

679 US Atomic Energy Commission Health
and Safety Laboratory fall-out program
quarterly summary report for October 1,
1961. HASL·115.

680 Bioenvironmental features of the Ogoto
ruk Creek area, Cape Thompson, Alaska.
A first summary by the Committee on
Environmental Studies for Project Char
iot. December 1960, TID·12439.

681 Atmospheric radio-activity at Kodiak
and Wales, Alaska, NRL Report 5658.

682 Evaluation of the ground-water con
tamination hazard from underground
nuclear explosion. UCRL-5538, April 8,
1959.

683 Distribution of radio-activity from a nu
clear excavation. UCRL-6249-T, Octo
ber 26, 1960.

684 Proceedings of the Second Plowshare
Symposium May 13-15, 1959, San Fran
cisco, Calif. Part I. Phenomenology of
underground nuclear explosions. UCRL
5675, May 15, 1959.

JAPAN

685 Strontium-90 and cesium-137 in fall-out
deposits and implications of their ratio.

686 Cesium-131 and strontium-90in sea water.

687 A new method of measurement of absorp
tion dose rate from terrestrial background
radiation.

688 Deposition of CS157 and Sr90 in Tokyo.

. 689 Measurement of the carbon-14 concentra
tion in essential oil using the liquid scin
tillation spectrometer.

690 The concentrations of Sr90 and CS 137 in
land waters in Japan.

691 Cesium-137 levels in human body, August
1958-August 1960.

692 Measuremen ts with a whole body coun
ter.

693 Natural concentration of krypton-85,
carbon-14 and tritium in recent years.

694 Physical aspect of fall-out in the tropo
sphere.

695 Influence of radio-activity of the atomic
explosion in Sahara desert.

696 The peak in radio-active fall-out in the
temperate zone of the northern herni
sphere.

697 Penetration of artificial radio-activity in
deep waters of the Pacific and vertical
diffusion rate of sea water.

698 Seasonal variation of radio-active fall-out.

436
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FAO
699 The organization of surveys for radio

nuclides in food and agriculture.

UNITED KINGDOM

700 Medical X-ray exposure history of the
parents of children with Down's syndrome
(mongolism) .

701 Surveys of radio-activity in human diet
and experimental studies.

USSR
702 Hareacasaoe pa.n;lIoaKTHBHOe BLIIIa.,u;eHue :B

OIIMelIse (Rpm.r) B pesyJIDTaT6 JI,D;epHOro
BSpIJBa B Oaxape 13 epeBpaJIJI 1960 rop;a.

703 liICCJIe.n;oBaHHe pa.n;lIOaItTHBHDIX aarpaaae
Hntl: B pazoae qepHoro MOp.a B 1959 roJI.Y.

704 3arp.asHeHHOCTb Mope:l1: H OReaHOB nr:.Ryc
CTBeHHm.rlI pap;nOaKTIlBHliIMH aemecrsaaa

705 Oop;epJItamle Sr90 B KOCTHOlt T.li.aHll JIIop;elt,
rrpomHBarom;ux Ha repparopaa Ooaercsere
Coioaa,

706 Bsmaaeaaa .n;OJII'OJKlIBynJ;llX rrpO~YKTOB lr,e
JleHIIJI Ha repparopaa COOP B 1959-1960
rop;ax.

707 Conepaaaae Sr90 H CS187 :B npotiax MO
JlORa, ESJITliIX B paSH'IJX patl:oHax OOOP ]I

1960 rop;y.

FRANCE

708 Etude de la vocation des sols en place A
la retention du radiostrontium.

709 Methode d'Hude de la contamination
radioactive des soIs en place.

DENMARK

710 Environmental radio-activity in Den
mark 1960.

BELGIUM

711 La retornbee radioactive aMol-Rapport
d'avancement ler semestre 1960.

UNITED KINGDOM

712 Radio-active fall-out in air and rain: re
sults to the middle of '1961.

UNITED STATES

713 Radiological Health Data, Volume n.
Number 10, October 1961, quarterly re
port.

714 Radiological Health Data, Volume 11,
Number 11, November 1961.

715 Fall-out from 1957 and 1958 nuclear test
senes.

716 The latent period, incidence, and growth
of Sr 90-induced osteosarcomas in CFI and
CBA mice.

CANADA

717 The effect of radiation dose rate upon the

,



Document
No. Country and title

Document
No. Country and title

UNITED STATES

Radiological Health Data, Volume Ill,
No. 1, January 1962.
Fall-out from USSR 1961 nuclear tests.

AUSTRALIA

Measurements of strontium-90 in the
Australian environment.

ARGENTINA

Radiocesio en la dieta humana.

UNITED STATES

Criticalityaccidentsin Vinca, Yugoslavia,
and Oak Ridge, Tennessee.
Health and Safety Laboratory-Prelimi
nary data on fall-out from the fall 1961
USSR test series. Staff report, February
27,1962, HASL-121.

SWEDEN

Late effects of thorotrast in cerebral an
giography.
On the Hiroshima and Nagasaki experi
ence of nuclear weapons initial radiation
LD60 for man.

750

746

743

149

742

148

741

739

737

147

738

736

734

145

733

144

735

140
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JAPAN (continued)
The distribution of active marrow in the
bones of normal adult.
Mutation rates at low level irradiation in
Drosophila melanogaster.
The genetically significant dose by the
X-ray diagnostic examinations in Japan.

UNITED STATES

Fission product radio-activity in the air
along the 80th meridian (West) during
1960.
Health and Safety Laboratory, fall-out
program, quarterly summary report,
September 1, 1961 through December 1,
1961, HASL-117.
Sr 90 in man and his environment, Volume
Ill: Publications.
Sr90 in man and his environment, Volume
I I: Analytical data.
Radiological Health Data, Volume Il,
No. 12, December 1961.
HASP second special report on high alti
tude sampling program.

NORWAY

Caesium-137 and strontium-90 in precipi
tation, soil and animals in Norway.

UNITED STATES

The effect of deposition rate and cumula
tive soil level on the concentration of
strontium-90 in US milk and food sup
plies. AEC TID-1394S.

JAPAN

A shift of sex-ratio in the progeny from
irradiated males in Drosophila melano
gaster (preliminary note).
On the incidence of leukemias in Hiro
shima during the past fifteen years from
1946 to 1960.

INDIA

Observations of fall-out in India during
the period of cessation of nuclear tests.
A study of washout of radio-active fall
out and particulate matter in individual
rain showers.
Gamma-ray analysis of fall-out samples
collected in India during October 1958 to
March 1960.
Cesium-137 and strontium-90 in milk.
Seasonal variations of cesium-137 in the
ground level air.

MEXICO

Quinto informe sobre estudios de la preci
pi taci6n radioactiva.

UNITED KINGDOM

Radio-activity in milk in the United
Kingdom 1961: preliminary report.
Some provisional estimates of radio-active
fall-out in the United Kingdom-autumn
1961.

731

730

732

727
728

729

718

726

719

725

722

723

724

721

720

A/AC.82/G/L.

CANADA (continued)

production of eye colour mutations in the
Chalcid dahlbominus.

UNITED KINGDOM

Strontium-90 in bones of infants in Hong
Kong.

Bibliography of papers published by the
United Kingdom sources from May to
October 1961, on radiobiological and
allied subjects.
Assay of strontium-90 in human bone in
the United Kingdom-Part II.

BELGIUM

La retornbee radioactive aMol-Rapport
d'avancement Ume semestre 1960.
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ANNEX K

LETrER SENT AT THE REQUEST OF THE COMMIlTEE BY ITS SECRETARY TO STATES MEn
BERS OF THE UNITED NATIONS AND MEMBERS OF THE SPECIAIJZED AGENCIES AND 0
mE IAEA ON 7 APRIL 1960

Sir,

I have the honour to inform you that the Scientific
Committee on the Effects of Atomic Radiation has now
completed its seventh session. The Committee has re
ceived during the course of its past work, and is con
tinuing to receive, substantial data from Governments
and United Nations agencies, and assistance continues to
be rendered to the Committee by them, by international
non-governmental and national scientific organizations
and by individual scientists. The Committee is greatly
indebted to all of these and welcomes all information
relevant to its work on the effects of atomic radiation on
man and his environment. It wishes to ensure continua
tion of the flow of such material so that nothing signi
ficant in the knowledge available in the world as a whole
should by any mischance escape its notice.

A primary objective of the Committee is to assess the
effects of radiation on the world population. In any
attempt at this assessment it is necessary to know the
world-wide levels in food products and in the human
body of radio-active debris from the testing of nuclear
devices. Data obtained now is of particular value in
assessment of the present and prediction of the future
situation, because of the period that has elapsed since the
latest high yield nuclear tests.

In pursuit of this aim the Committee on 3 July 1959
addressed an invitation to States Members of the United
Nations and members of the specialized agencies and of
the International Atomic Energy Agency to send any
further data of the type already contained in its compre
hensive report, so as to enable this report to be kept up
to date or extended. This invitation outlined the principal
categories of information sought by the Committee, in
cluding those of immediate significance to its pro
gramme. The Committee was subsequently requested by
resolution 1376 (XIV), adopted by the General Assem
bly on 17 November 1959, to consider and study, in
consultation with certain agencies of the United Nations
and other interested organizations, appropriate arrange
ments for the purpose of stimulating the flow of such
information and data, and for encouraging genetic, bio
logical and other studies.

In the course of its studies of appropriate arrange
ments for stimulating the flow of relevant information
and data, the Committee noted that at the present time
there is a substantial part of the globe regarding which
there is little information concerning levels of radio
active contamination in soils, water, food products and
the human body. The Committee would like to obtain
data for these areas and would suggest that countries in
them initiate sampling programmes, especially on the
following topics:

(a) Levels of Sr9 0 in human bones classified by age
groups: for example-s-still-born, 0-1, 1-2,2-3,3-5, 6-10,
11-20 years;

(b) Levels of Sr9 0 and CS 181 in diet: this involvi
measurement of the mean levels in the principal COl
tributing food products and in the total diet. Corresporn
ing data on natural radio-activities would also be d
sirable;

(c) Data "linking" rainfall and deposition of Sri

The Committee also noted that Member States in ne
of assistance in the field of sampling and analysis a
able to obtain it from a number of other Member Stat
or from interested agencies of the United Nations th
have offered such assistance: these offers are listed
annex 1 to the present letter. The Committee recognizi
that it is desirable for close co-operation between tl
Committee, Member States and participating agenci
of the United Nations to be maintained in consideratir
of these arrangements and collation of scientific info
mation obtained. The Committee would appreciate r
ceiving in all cases full information on the manner
which data was obtained; and it emphasized that colle
tions should be made by methods which ensure that da
is precise and representative.

The Committee invites all those who can do so
submit by 31 July 1960 data on Sr9 0 and CS181 levels,
to December 1959.

The Committee was also requested by General 11
sembly resolution 1376 (XIV) to consider and stm
appropriate arrangements for encouraging genetic, bi
logical and other studies that will elucidate the effects
radiation exposure on the health of human populatior
The Committee recognized that any fundamental a
vances in knowledge of biological mechanisms will
relevant to the understanding of the genetic and soma'
effects of ionizing radiation on living tissue. Fundame
tal advances can be best facilitated by bringing togeth
scientists of experience and distinction and making the
aware of each others' needs for information and dat
progress also requires the provision of necessary equi
ment to enable ideas to be tested. Whilst new and signi
cant advances in basic science can never be guarantee
it is possible nevertheless for scientific institutes al
individual scientists to develop and expand informati
in fieldswhere knowledge is lacking. Sometimes this la
comes about not through a deficiency of method to eH
information but through paucity of data provided by
single individual or unit. In its own area, the Committ
is especially conscious that although means have be'
developed for measuring:

(i) The mutation-rate, natural and radiation-induce
at specific loci in mammals such as the mouse;

(ii) The radio-biological effects of radio-active el
ments such as Sruo in mammals;

(iii) The induction of specific new growths such:
lymphoma by gamma-rays at defined dose-rates,
the accumulation of data in these and related areas ad
quate for statistical appraisal is extremely time-consun
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ing and expensive. Thus close collaboration between
laboratories all working within a defined and agreed
framework is eminently desirable.

The Committee feels that Governments might well
wish at this time to re-examine the ways and means
whereby its requests for relevant information can best
be channelled, in their respective countries, to the appro
priate national scientific organizations and committees,
as well as to individual scientists. It would welcome
inf?r~a.tion fr?m .Governments concerning the names
of individual scientists or members of panels to whom its
requests are referred: such information would enable it
to communicate requests with the specificity and detail
appropriate to the scientists concerned, through the
usual Governmental channels.

Conscious of the need to establish and maintain such
contact with scientists and scientific bodies, the Commit
tee. decided to request Governments to bring to their
notice a statement which it prepared at its seventh
session. This could be done either by direct distribution
by. diffusion in scientific journals or by any other appro
priate means. This statement is attached to the present
letter as annex 2.

~ay I, in. connexion with the Committee's requests
for information, draw your attention to the fact that 150
copies of each report are required for distribution and
circulation to the Committee, as distinct from deposition
in the Committee's library. The reports should be ad
dressed to the Secretary of the Scientific Committee on
the Effects of Atomic Radiation, United Nations New
~~ ,

ANNEX 1

[The list originally given in the present anneX'has been super
seded by the one contained in annex [ to the report.]

ANNEX 2

Statement addressed to scientists in the radiation field by the
United Nations Scientific Committee on the Effects of
Atomic Radiation

The United Nations Scientific Committee on the Effects of
Atomic Radiation" is indebted to the many scientists throughout
the world whose work contributed directly or indirectly to the
Committee's first report published in 1958. It recognizes that
much research pertinent to its area of concern is being carried
on now, and that almost any aspect of biology contributes to
knowledge of radiation effects in man. The Committee wishes

• The General Assembly, at its tenth session, established by
resolution 913 (X) the United Nations Scientific Committee
?n the Effects of Atomic Radiation consisting of the follow
mg members: Argentina, Australia, Belgium, Brazil Canada
Czechoslov~)da,Egypt (now part of the United Arab Republic) I

France, India, Japan, Mexico, Sweden, Union of Soviet Socialist
Republics, United Kingdom of Great Britain and Northern
Ireland, United States of America.
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to obtain reports of all work in relevant fields, and is anxious
that no results of relevant research carried out in laboratories
of Member States escape its attention, whether or not those
States are at present represented on the Committee.

The Committee is neither carrying on its own research, nor
directly sponsoring research, but rather depends on the work
of other scientists which it studies and collates for the guidance
of the United Nations and the information of all scientists.

In July 1959 the Committee invited Member States to send
it data on a wide variety of physical and biological topics.
Among these were the following:

1. Physical data relevant to radiation levels and accumulated
doses from both natural and man-made sources:
Medical, industrial and research uses of ionizing radiatlons and

radio-active materials j

Radio-active fall-out:
Measured contamination of air ground foodstuffs and man

by strontium-90 and caesium~137; ,
Computation of external doses from fall-out deposit, includ

ing short-lived isotopes;
Significant disposals of radio-active wastes;
Other significant sources of ionizing radiations ;

2. Methods of measurements and radiological standards j

3. Fundamental radiation biology;
4. Somatic effects of ionizing radiation;
5. Genetic effects of ionizing radiation.

At its last meeting the Committee reviewed the present state
of knowledge in its area of concern and discussed certain specific
areas where additional information would be particularly wel
come at the present stage of its work. In view of the need for
this information the Committee brings to the notice of scien
tists those areas where an intensification of scientific effort
would seem to be most helpful.

In the biological field the Committee noted the need for more
extensive statistical data concerning:

(i) The mutation-rate, natural and radiation-induced, at
specific loci in mammals such as the mouse;

(ii) The radio-biological effects of radio-active elements such
as Sr90 in mammals;

(Hi) The induction of specific new growths such as lymphoma
by gamma-rays at defined dose-rates.

In the physical field the Committee would like to obtain data
on the following topics, especially for those parts of the globe
for which there is little information available at present:

(a) Levels of Sr 90 in human bones classified by age groups:
for example-still-born, 0-1, 1-2, 2-3, 3-5, 6-10, 11-20 years j

(b) Levels of Sr 90 and CS181 in diet: this involves measure
ment of the mean levels in the principal contributing food prod
nets and in the total diet. Corresponding data on natural radio
activities would also be desirable j

(c) Data "linking" rainfall and deposition of Sr1Jel•

However, all data pertinent to evaluation of effects of radia
tion, particularly in the low dose and dose-rate range, remain
of interest to this Committeeand would be appreciated because
of the assistance that would thereby be rendered to it in its work.

The Committee receives reports through Governments which
have been invited to forward them to the Secretary of the
Committee.





APPENDIX I

UST OF SCIENTIFIC EXPERTS, MEMBERS OF
NATIONAL DELEGATIONS

The scientific experts who took part in the preparation of the present report
while attending Committee sessions as members of national delegations are
listed below:

ARGENTINA

Dr. D. Eeninson (Representative)
Dr. J. Flegenheimer
Dr. A. Placer

AUSTRALIA

Mr. D.]. Stevens (Representative)
Professor A. M. Clark

BELGIUM

Professor J. A. Cohen (Representative)
Pro Iessor M. Errera
Professor F. H. Sobels
Dr. J. Blok
Mr. J. F. Bleichrodt
Miss Z. M. Beekman

BRAZIL

Professor C. Pavan (Representative)
Professor C. Chagas (Representative)
Dr. L. R. Caidas
Dr. O. Frota-Pessoa
Dr. N. Libanio
Dr. A. Paes Carvalho
Dr. E. Penna Franca
Father F. X. Roser, S.J.

CANADA

Dr. E. A. Watkinson (Representative)
Dr. F. D. Sowby
Dr. W. E. Grummitt
Dr. H. B. Newcombe
Dr. P. M. Bird
Dr. G. H. josie
Dr. B. B. Migicovsky
Mr. H. Cameron

CZECHOSLOVAKIA

Professor Dr. F. Hercik
(Re presentative)

Professor Dr. F. Behounek
Dr. M. Hasek
Dr. L. Novak
Dr. M. Vojtiskova

FRANCE

Professor L. Bugnard (Representative)
Dr. H. Jammet
Mr. r.Labeyrie

Mr. G. Lambert
Dr. G. Lejeune
Mr.L. Facy

INDIA

Dr. A. R. Gopal-Ayengar
(Re presentative)

Dr. V. R. Khanolkar (Representative)
Mr. A. S. Rao (Representative)
Mr. P. N. Krishnamoorthy
Dr. K. G. Vohra

JAPAN

Dr. K. Tsukamoto (Representative)
Dr. M. Tsuzuki (Representative)
Dr. E. Tajirna
Dr. Y. Hiyama
Dr. Y. Miyake
Dr. M. Kimura
Dr. R. Ichikawa
Dr. Y. Tajima

MEXICO

Dr. M. Martinez-Baez (Representative)
Dr. F. Alba Andrade
Dr. A. Moreno y Moreno
Dr. H. Zalce

SWEDEN

Professor T. O. Caspersson
(Representative)

Dr. A. Nelson (Representative)
Professor R. M. Sievert

(Represmtative)
Dr. B. LindelJ
n-. B. Aler
Dr. L. Frederiksson
Professor K. G. Liining
Dr. K. Edvarson

UNION OF SOVIET SOCIALIST REpUBLICS

Professor V. A. Engelhardt
(Representative)

Professor N. A. Kraevsky
(Representative)

Professor A. M. Kuzin
(Representative)
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Professor V. Klechkovsky
Professor O. Leipunskii
Dr. K. K. Aglintsev
Dr. A. A. Prokofyeva-Be1govskaya
Dr. Y. M. Shtukkenberg
Dr. M.A. Arsenieva
Dr. V. 1.Terentiev
Dr. V. T. Kozlov
Mr. G.1.Apollonov

UNITED AltAB REpUBUC

Dr. M. E. A. El Kharadly
(Representative)

Dr. K. A. Mahmoud
Dr. M. M. Mahfouz

UNITED KINGDOM OF GREAT BRITAIN
AND NORTHERN IRELAND

Dr. E. E. Pochin (Representlltive)
Dr. W. G. Marley
Dr. A. C. Stevenson
Professor L. F. Lamerton
Dr. R. S. Russell
Dr. J.F. Loutit
Mr. P. J.Meade

UNITED STATES OF AMERICA

Dr. S. Warren (Representative)
Dr. G.W. Beadle
Dr. V.Bowen
Dr. A. M. Brut's
Dr. C.L. Comar
Dr. C.L. Dunham
Mr. M. Eisenbud
Dr. G. Failla
Dr. J. H. Harley
Mr. S. Hendrieks
Dr. A. H. Holland, Jr.
Mr. H. Hollister
Dr. L. B. Lockhart
Dr. L. Machta
Dr. E. A. Martell
Dr. W. L. Russell
Dr. A. C. Upton
Dr. M. R.Zelle
Dr. P. Tompkins
Dr. J. Totter
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