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NOTE

Symbols of United Nations documents are composed of rapital letters
combined with figures. 1Iention of such a symbol indicates a referenc~ to a
United Nations document.
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Activities of the C\lmmiUee

3. Since its establishment, the Committee has held
nineteen sessions. Its activities during the first sixteen
sessions were surveyed in the introductions to the
reports that the Committpe submitted to the General
Assembly in 1958, 1962, 1964 and 1966.1

-t. Th':. Committee held its seventeenth and eig-hteenth
sessions, respectively, at the United Nations Office at
Geneva from 26 August to 6 September 1967, and at
Headquarters from 8 to 17 April 1968. Besides con
sidering preliminary material later to be included in
the present report, at those sessions the Committee
reviewed the information that it required to continue
its assessment of wodd-wide levels of radiation from
nuclear tests. Since some of its earlier requests for data
had become less relevant than before to the problem
of estimating risks to human populations, the Committee
outlined its continued requirements in a letter to States
Members of the United Nations or members of the
specialized ag-encies or of the International Atomic
Energy Agency. The text of the letter, dated 30 April
1968, ,vhich was sent to the above-mentioned States
by the Secretary of the Committee is attached to this
report as anne E.

5. At both sessions the Committee adopted annual
progress reports to the General Assembly. These were
noted with appreciation by the General Assembly at
its twenty-second and twenty-third sessions by resolu
ti:l11 2258 (XXII) of 25 October 1967 and resolution
2382 (XXIII) of 1 November 1968. By the latter
resolution, the General Assembly also commended the
Scientific Committee for the valuable contributions it
had made since its inception to wider knowledge and
understanding of the effects and levels of atomic radia
tion; drew the attention of Member States to the review
of information required to continue the Scientific Com
mittee's assessment of world-wide levels of radiation
from nuclear tests, as contained in the letter annexed to
the report of the Committee; requested the Scientific
Committee to complete its current programme of work
and to review and formulate plans for its future ac
tivities; noted the intention of the Scientific Committee
to hold its nineteenth session in May 1969 and to report
further to the General Assembly.

6. The nineteenth session of the Committee was held
at Headquarters from 5 to 16 May 1969. At that
session, the Committee adopted the present report to
the General As:::embly. The Committee also discussed
and formulated plans for its future activities. It decided
that it would continue to keep under review and to

10ffieial Rccords of thc GCllcral Asscmbl~l, Thirtccllth Ses
sion, Supplemcnt No. 17 (A/3838); ibid" Se-vcllteellth Session
S",pplement No. 16 (A/5216) ; ibid., Nillc/ecllth Session, SUPPle~
ment No. 14 (A/5814) ; ibid., Twcnt~l-first Sessioll, Sllpplemellt
No. 14 (A/6314). Hereafter these documents will be referred
to as the 1958, 1962, 1964 and 1966 reports, respectively. .

1

Chapter I

Constitution and terms of reference
of the Committee

1. The United Nations Scientific Committee on the
Effects of Atomic Radiation was established by the
General Assembly at its tenth session on 3 December
1955, t1l1der resolution 913 (X), as a result of debates
held in the First Committe,e from 31 October to 10
November 1955. The terms of reference of the Com
mittee 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
and useful 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 of ionizing radia
tion and radio-activity in the environment;

" (ii) Reports on scientific observations and experi
ments relevant to the effects of ionizing radia
tion upon man and his environment al"eady
under way or later undertaken by national
scientific bodies or by authorities of national
Governments;

"(b) To recommend uniform standards with
respect to procedures for sample collection and
instrumentation, and radiation counting procedures
to be used in analyses of samples;

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

" (d) To review and collate national reports, re
fen'ed to in sub-paragraph (a) (ii) above, evaluating
each report to determine its usefulness for the pur
poses of the Committee;

" (e) To make yearly progress reports and to
develop by 1 July 1958, or earlier if the assembled
facts warrant, a summary of the reports received on
radiation levels and radiation effects on man and his
environment together with the evaluations provided
for in sub-paragraph (d) above and indications of
research projects which might require further study;

"(f) 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 me.mbers of the specialized agencies."

2. The Committee consists of Argentina, Australia,
Belgium, Brazil, Canada, Czechoslovakia, France, In
dia, Japan, Mexico, Sweden, the Union of Soviet So
cialist Republics, the United Arab Republic, the United
Kingdom of Great Britain and Northern Ireland aml
the United States of America.
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assess the levels of radiation to which the world popula
tion is or may become exposed, including those from
radio-active contamination of the environment due to
both military and peaceful applications of nuclear energy,
those from the increasing industrial and medical uses
of radiation and radio-nuclides and those from natural
sources present in the environment. The Committee
would also continue to prm'ide the General Assembly
with assessments of the risks entailed by exposure to
radiation and of the mechanisms hwolved and would
evaluate the signifi'::l.l1ce of any new radiation effect
that came to its attention. The Committee felt that it
might prepare a report on some special aspects of the
above-mentioned subjects to the General Assembly at its
twenty-seventh session, noted that it would report yearly
on its progress and requested that arrangements be
made for a session in September 1970 at the United
Nations Office at Geneva.

Organization of the work of the Committee

7. As in the past, the Committee met in ad hoc
groups of specialists who held most of their technical
discussions in informal meetings before presenting their
conclusions to the full Committee for review.

8. Dr. A R. Gopal-AyeJ1gar of India and Dr. G. C.
Butler of Canada served as Chairman and Vice-Chair
man, respectively, during the seventeenth session of the
Committt .:. Dr. G. C. Butler of Canada, Professor B.
Lindell of Sweden and Dr. V. Zeleny of Czechoslovakia
served as Chairman, Vice-Chairman and Rapporteur,
respectively, at the eighteenth and nineteenth sessions.
At the nineteenth session, Professor B. Lindell of
Swede'1, Dr. V. Zeleny of Czechoslovakia and Professor
L. R. Caldas of Brazil were elected Chairman, Vice
Chairman and Rapporteur, respectively, to serve during
the twentieth and twenty-first sessions. The names of
those scientists who attended the sevl~nteenth, eigh
teenth and nineteenth sessions of the Committee as
members of national dele.gations are listed in appen
dix n.

Sources of information

9. The reports receive:: by the Committee from
States Members of the United Nations, and members
of the specialized agencies and of the International
Atomic Energy Agency, as 'well as from these agencies
themselves, between 8 June 1966 and 16 May 1969,
are listed in annex D of this report. Reports received
before 8 June 1966 were listed in earlier reports of
the Committee to the General Assembly. The. informa
tion received officially by the Committee was sup
plemented by, and interpreted in the light of, informa-
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tion available. in the current scientific literature or ob
tained from unpublished private communications from
individual scientists.

Scientific assistance

10. The Committee was assisted by a small scientific
staff and by consultants appointed by the Secretary
General. The scientific staff und consultants were
responsible for preliminary review and evaluation of
the technical information received by the Committee or
published in the scientific literature.

11. Although the Committee itself assumes full
responsibility for the report, it wishes to acknowledge
the help and advice given. by those scientists whose
names are listed in appendix n. The Committee owes
much to their co-operation and goodwill.

Relations with Ulliied Nations agencies and
other organizaHolls

12. Representatives of the International Labour Or
ganisation (ILO), the Food and Agriculture Organiza
tion of the United Nations (FAO), the World Health
Organization (\iVHO), and of the International Atomic
Energy Agency (IAEA), as well as of the International
Commission on Radiological Protection (ICRP) and
the International Commission on Radiation Units amI
1ieasurements (ICRU), attended sessions of the Com
mitte.e held during the period under rfYii::'.Y. The
Committee wishes to acknowledge with appreciation
their contribution to the discussions.

Scope and purpose of the report

13. The present report is not intended to cover
comprehensively the whole field of interest of the
Committee. It is limited to a discussion of radio-active
contamination of the environment by nuclear tests,
radiation-induced chromosome aberrations in human
cells and the effe.cts of ionizing radiation on the nervous
system. The present report, therefore, being neither
comprehensive nor self-contained, must be read in the
context of the earlier reviews made by the Committee.

14. The main text of the report is followed by
technical annexes in which the Committee has discussed
in detail the scientific information on which it rests its
conclusions. The Committee wishes to emphasize, as
it did in the past, that its conclusions, being based on
the scientific evidence now available, cannot be con
sidered as final and will require revision as scientific
knowledge progresses.
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Chapter 11

RADIO·ACTIVE CONTA1\UNATION OF THE ENVIRONllfENT BY NUCLEAR TESTS

--=-i

1. D(~bris from atmospheric nuclear tests continues
to be the most important man-made radio-active con
taminant of the environment. A number of tests have
h~en carried out since the Committee's 1966 report;
these have, however, added about 2 per cent to the
amounts of long-lived radio-active nuclides still in the
environment as a result of tests carried out in the early
1960s, although they have about doubled the current
low content of the stratosphere and have thus con
tributed substantially to the deposition observed since
the middle of 1967.

2. Small amounts of radio-active material have leaked
from a few underground tests, and the crash of an
aeroplane carrying nuclear weapons resulted in a
localized contamination by plutoniul11-239 off the coast
of northern Greenland in January 1968. These events
have contdbuted only minutely to the global inventory.

3. Since the 1966 report, levels of long-lived nuclides
in food-stuffs and human tissues have continued to
decline except in the second half of 1968, when a slight
increase in levels of caesiuI11-137 due to recent tests
was observed in food-stuffs in some countries of the
northern hemisphere.

4. JVlost of the amount of long-lived nuclides injected
into the stratosphere by earlier tests had been deposited
by the middle of 1967. However, substantial fractions
of the total doses to which the population is committed
remain to be received from present body burdens and
from the deposit in soil which will continue to be
transferred to food-stuffs. This is particularly true in
the case of strontium-90 which remains available for
absorption by plant roots and is retained for long
periods in the human skeleton. Present estimates in
dicate that roughly one-eighth of the total expected
population dose due to strontium-90 had been delivered
by the end of 1967, compared with between two-thirds
and three-quarters of that due to the total amount of
caesium-137 available for deposition in the body. On
the other hand, only a small fraction of the expected
population dose due to carbon-14, the radio-active half
life of which is much longer, has so far been delivered,
and somewhat less than one-tenth of it will have been
delivered by the year 2000. :'3y contrast, more than
half of the contribution to the dose commitment from
external sources has already been delivered.

5. As in its earlier reports, the Committee has
evaluated comparative risks of biological damage to the
whole world population by means of "dose commit
ments" derived from the St1111 of radiation doses received
and expected to be received by the world's population
as a result of the nuclear explosions which have already
taken place. As previously, dose commitments have
been estimated for the gonads, for cells lining bone
surfaces and for the bone marrow, as these are the
tissues whose irradiation may give rise to hereditary
effects, to bone tumours and to leukcemias, respectively.
The Committee has not made special dose commitment

3

estimates applicable to limited populations. such as
those in individual countries, except in a few cases
of populations with much higher than average ex
posures.

6. In the present report, for the purpLlse of e:;tinmt
ing dose commitments, the Committee has used more
extensively than heretofore actually measured levels
of long-lived radio-nuclides in human tissues. 'This is
particularly so in the case of strontium-90, which
poses special problems because of its long retention
in soil and bone and because of its complex metabolism
in human tissues. By making use of measured levels in
tissues, the Committee has been able to avoid some
of the assumptions previously needed. Though a large
number of other assumptions are still necessary and
are common to all methods of calculation, the method
now used will enable the Committee to use more
efficiently the results of future measurements to verify
and, if necessary, modify those assumptions in the
future.

7. As far as the world-wide dose commitment is
concerned, the major source of uncertainty continues
to be the lack of information concerning the levels of
any of the radio-active nuclides in the food and tissues
of nearly two-thirds of the world population. In its
previous reports, the Committee assumed that the
numerical constants that describe the transfer of long
lived radio-nuclides were the same as those determined
for areas from which measured data had been con
sistently available.

8. In the present report, the Committee has confined
itself to estimating the dose commitment specifically
for those populations from which sufficient measure
ments have been reported. For the rest of the world
population, an upper limit to the dose commitment
has been estimated.

9. The Committee feels that the uncertainty regard
ing the estimate applying to a large part of the world
population, though unlikely to have caused a serious
under-estimate of the global dose commitment, is un
desirable, a11d it recognizes that, because of the very
slow turnover of strontium-90 in adult bone, it will be
possible., by sampling human bone from those areas of
the world from which no data have yet been available,
to estimate dose commitments to the population of
these areas. The Committee notes with appreciation
that the World Health Organization, in response to a
recommendation made by the Committee at its eigh
teenth session, is now undertaking a limited programme
of bone sampling, the results of which will be available
in the near future.

10. Short-lived radio-nuc1ides are a source of radia
tion exposm·e of the population for a comparatively
short time following their release into the environment,
and external doses from short-lived nuclides due to
tests carried out in 1966, 1967 and 1968 have not
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signil1cantly increased the global dose commitment.
:\Ieasmable iodine-131 levels in milk have been reported
mainly f~'om th~ southern hemisphere following the
tests carl'INl out 111 that area.

11. Since the last report, there ha:> been a con
tinuing interest ill the doses receh'ed by populations
in the subarctic regions where, because of special
ecolog'ic:tl conditions, there is an enhanced transfer of
caesitlm-l.37 from (~eposit to the body, mainly through
cons111nptlon of remdeer or caribou meat. In these
regions, individua~ doses from internal caesi111n-137 are
of the order of onc. hundred times greater than the
.n-erage for the northern hemisphere. There are also
indications that. in these regions, levels of strontinm-90
in food and tissues may be significantly greate.r, though
not by as much as caesi111n-137 levels, than the m'erage
for the northern hemisphere.

12. There are se\'ernl other limited regions of the
world where levels of caesium-137 in food-stuffs and
in humans have been found to exceed by many times
the m'erage for the corresponding latftudinai band.
This has been attributed to high precipitation and to
special soil conditions resulting in increased availability
of caesium-137 to plants. •

13. The estimated dose commitments are summarized
in table I. The table. includes estimates for the tem
perate zones of the northern and southern hemispheres.
:\. third column shows values applicable to the whole
world population. Although the Committee has used
new and less indit"~ct methods of estimating dose com
mitments, the pres(.'nt estimates differ little from those
gh'en in the previom report.

14. Comparative d"ks are, a'i in the 1964 and 19GG
reports, expressed as the perio l Is of time during which
the natural Imckground would Ilm'e to he doubled in
order to ddh'er an additional dose equal to the
fraction of the dose commitments that will be receh'ed
by the, year 2000. These periods derh'ed from the dose
commitment estimates applicable to the whole world
popllhtion are approximately 11, 26 and 18 months
for gonads, cells lining hone smfaces and bone marrow,
respecth·ely.

15. The Committee no\\, has increased confidence
that its estimates are representative of the doses to
which humans have heen committed, particularly for
those populations in the countries and areas from which
measurements are available.

11

TABLI~ 1. DOSE COMMrnIEXTS FRo:.r NUCf.FAR 'mSTS CARRllm OUT BEFORE 1968

nose COlIIlIll'llIIrllls (Ill roll)

,,"orlll SOli III
lelll/,rrate /<'/II/,rrole 1I'1I0le

n'Mlle SOIlI'rr (11 I'Qd"011'011 ':OJlC ::olle t"ol'ld

Gonads .. , .. , ... ".' .....External Short-lived 36 8 23
13iCs 36 8 23

Internal 13iCs 21 4 21 11

Heb 13 13 13

Totalc 110 33 80

Cells lining bone surfaces .... External Short-lived 36 8 23
13iCS 36 8 23

Internal ooSr 130 28 130n

13iCs 21 4 21n

HCb 16 16 16
89Sr <1 <1 <1

TotalC 240 66 220

Bone marrow ............. External Short-Ih'ed 36 8 23
l:liCs 36 8 23

Internal oOSr 64 14 64"
13iCS 21 4 21 11

Heb 13 13 13
sOSI' <1 <1 <1

Totalc 170 51 140

n The dose commitments due to internally deposited 90SR and 13iCS given for the north temperate
zone are considered to represent upper limits of the corresponding dose commitments to the world
Jlopulation.

b As in the 1964 and 1966 reports, only the doses accumulated up to year 2000 are given for HC;
at that time, the doses from the other nuclides will havc csscntially been dclivered in full, The total dose
commitment to the gonads and bone marrow duc to thc HC from tests up to the end of 1967 is about
180 millirads and that to cell lining bone surface is about 230 millirads.

C Totals have becn rounded off to two significant figures,

4
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Chapter III

EFFECTS OF IONIZING RADIATION ON THE NERVOUS SYSTEM

(' L\

1. The nervous system performs various functions
in the organism. In the first place, it provides the
means for relating the organism to the external en
vironment by means of perception through the sense
organs and of control of the skeletal muscles. The
nervous system is also the instrument by which im
mediate or delayed behaviour is expressed, and in man
it is responsible for the most complex intellectual
functions.

2. Vlith regard to such functions as digestion,
respiration, blood circulation and excretion, the nervous
system, often in conjunction with the endocrine glands,
plays an essential regulatory role by adapting these
functions to the changing needs of the organism and
thus contributes to maintaining the constancy of the
internal environment. This task is largely performed
by the autonomic nervous system whose control centres
are located in the spinal cord and in certain brain
structures.

3. Reflex activity usually involves an orderly pro
gression of events, namely, an initiation of activity at
sensory receptors, a relay of impulses to a neural centre
and final transmission to a muscle or other effector. '\Vhile
reflex activities are readily analysed, the nervous
activity concerned with the highest integrative functions
of the organism, such as comple..~ behaviour, are much
more difficult to assess.

4. The importance and diversity of these functions
cmphasize the need for the study of the effects of
ionizing radiation on the nervous system. Although
ultimatelv it is the functional effects that may be more
importatlt, both structural and functional effects need
to be studied. Investigat'''Ins of functions and stl'uctures
have been mostlv carried out bv different researchers,
and relatively few attempts at integrating the two
approaches have been made. Because the response of
the nervous system is so different depending on
whether irradiation takes place during its development
or afterwards, it is customary and convenient to con
sider the effects during these two periods in sequence.

Irradiation of the nervous system during
its development

5. Observations on expe.rimental animals indicate
that pre-natal irradiation can produce severe develop
mental anomalies. Those of the nervous system are
prominent among them. \iVhen they are. serious enough,
further development of the foetus is prevented and
death ensues. Anomalies of the nervous system are
produced only if irradiation occurs in the period when
the nervous system and its various parts are dif
ferentiating. Specific anomalies such as microcephaly,
encephalocele and hydrocephalus occur in this period
only after irradiation at certain so-called critical times.

6. The frequency and severity of anomalies of any
given type depend on the radiation dose, but informa-
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tion is insufficient to establish dose-effect relationships
for any of the malformations affecting the nervous
systen~. It is likely that the induction of gross malforma
tions of the nervous system requires doses higher than
a threshold which, for mice and rats, is probably around
100 rads.

7. Disorganization of thc cellular layers .0£ the brain
cortex lUts been observed, however, after an x-ray dose
of 20 rads administered to rats on the sixteenth day
of pre-natal life and are still apparent when the animals
reach maturity. Less pronounced changes also occur
in rats after 10 rads given on the first day after birth,
but evidence of damage disappears progressively as the
animal grows. Such changes have been observed by
means of painstaking studies which need to be systema
tically pursued at yurious doses and various times of
irradiation and observation, and attempts should be
made to correlate them with the functional effects that
have also been reported after pre-natal irradiation.

8. The functional impairment of animals irradiated
pre-natally has been studied by various methods, par
ticularly in rodents. Electro-encephalographic changes
seem to reflect disturbances in the inhibitory function
of the cortex on lower centres. Visual, olfactory and
distance discrimination and other learning processes
are also affected. These changes have been observed
in adult rats which have received doses of the order
of 100 rads or more during the second and third week
of their intra-uterine life.

9. Some studies of conditioned reflexes, however,
have been reported to reflect changes of learning pro
cesses at much lower doses. Slight changes in con
ditioned reflex performance have been observed in the
adult after as little as 1 rad on the eighteenth day of
pre-natal life. The assessment of the relevance of these
and other behavioural change.s for the problem of
risk estimation in man requires better knowledge on
the comparability of results of studies on animals and
on man.

10. That severe damage to the nervous system can
be induced in man also is shown by a number of
observations of children born of mothers irradiated for
medical reasons during pregnancy. Doses are unknown
but are believed to have been high. A number of cases
of reduction of head size, often accompanied by severe
mental retardation, have been reported among these
children as a result of irradiation from the second
through the sixth month of intra-uterine life. However,
contrary to what animal e..~periments would lead one
to expect, major structural changes of the nervous
system have seldom been observed, perhaps because
these would be incompatible with sufficiently long
survival of the human embryo for the damage to be
detected at birth.

11. Similar observations have been made among the
offspring of women exposed during pregnancy to the
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Hiroshima and Nagasaki explosions. Reduced average
head size. and increased incidence of mental retardation
are clearly observed among those exposed within 1.5
kilometres of the hypocentre between the second and
the sixth month of intra-uterine life~ and the frequency
of ment:tl retardation may also be above normal at
greater distances~ where closes were of the order of a
few rads.

12. The value of this latter obse.rvation is limited
by the fact that the number of cases among the off
spring of women irradiated at low doses is extremely
small and that the role of other factors cannot be
entirely excluded. Where the opportunity exists~ any
additional investigations on pre-natally irradiated sub
jects are yery desirable in order to establish further
the degree of radio-sensitivity of the foetus.

13. Surveys of children whose mothers were irra
diated for medical reasons during pregnancy have shown
an associated increase (40 per cent) of malignancies,
including malignancies of the nervous tissue. The excess
was noticeable after doses assumed to be of the order
of a few rads, but it cannot be entirely excluded that
it may have been associated with the condition in the
mother that prompted the irradiation rather than with
the irradiation itself. Such an increase has not been
reported among survivors of hi utero exposure to the
Hiroshima and Nagasaki bombings, but the expected
number of induced cases in that population was very
low.

14. An increased incidence of tumours of the nervous
tissue has also been observed in a number of surveys
of children irradiated for medical reasons in infancy or
early childhood. One of these surveys suggests that,
at the doses absorbed by the relevant tissues, the in
cidence of these malignancies is increased by the same
order of magnitude as the incidence of leukremias. The
same survey has also shown an increased incidence of
serious mental disturbances associated with previous
irradiation of the brain around the age of seven years.
Most of the brain was estimated to have received doses
of approximately 140 rads. However, as the role of a
number of variables that may themselves have con
tributed to that excess cannot at present be assessed,
the results of further analysis of these results are
required before the relationship between radiation and
mental disorders can be considered as proved. Other
surveys of brain-irradiated children that are currently
in prog:'ess should be vigorously pursued.

15. The evidence available induces the Committee
to draw attention to the particular hazards that may
result from irradiation of the fcetus and of children.

Irradiation of the nervous system in the adult

16. In the adult, the radiation dose required to
induce severe structural changes in the nervous system
under conditions of whole-body irradiation is higher
than the dose needed to cause gross alterations of other
systems such as the gastro-intestinal tract and of the
hremopoietic system, Under conditions of short-term
irradiation, the median lethal dose for man lies around
400 rads, and death when it occurs is mainly due to
the involvement of both of these. Sudden death pri
marily due to the involvement of the nervous system,
on the other hand, occurs after doses of the order of
several thousands of rads.
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17. Only isolated cases of malignant intracranial
tumours of the nervous tissue have been reported after
irradiation of adult subjects. It seems, therefore~ that
the induction of malignancies is unlikely to be a
substantial hazard of irradiation of the adult nervous
system in man.

18. Functional and behavioural effects are observed
;:1 experimental animals after high uoses (above 50
rad). These effects include SOme electro-encephalo
graphic changes and some disturbances of certain con
ditioned reflexes. The accomplishment of many tasks
involving learning and performance is little if at all
affected. Such changes as have been induced by radia
tion disappear with time, but repeated irradiations with
the same dose tend to produce greater disturbances.
There are both positive and negative reports on the
induction of similar~ but milder, functional changes by
low-dose radiation.

19. It is not clear to what extent such functional
effects as have been observed after whole-body doses
of 50 rads and above are the primary consequence. of
damage to the nervous system or whether they result
from different stimuli originating in, or from toxic
products released by, other damaged tissues and systems
such as the cardio-"ascular~ gastro-intestinal and en
docrine systems. Nevertheless, whether primary or sec
ondary, these effects on the nervous system may play
a role at the doses at which the acute radiation syn
drome may occur.

20. Observations are available on radiation workers
exposed in the past for a number of years to average
levels of radiation estimated as being higher than
current maximum dose levels for radiation protection.
Subjective complaints, such as headaches and sleep
disturbances accompanied by mild and reversible neuro
logical and cardio-vascular changes, have been reported.
No changes of consequence were observed among
workers exposed, even for a number of years, within
the currently accepted dose limits.

21. Even at very low doses, ionizing radiation may
act as a non-specific stimulus. Evidence of this is found
in the possibility of using radiation as a conditioning
stimulus, the ability of radiation to awaken an animal,
the avoidance of a radiation source by an animal, and
in the fact that radiation can serve as a visual or
olfactory stimulus. Under certain circumstances, ionizing
radiation can be. perceived by the human retina at
doses as low as a few mi11irads. There is no evidence
that these doses induce any injury to the sense organs
involved.

22. It s~ems, in summary, that the most significant
fact emergmg from a review of the effects of ionizinO'

I ' b
rac iatIon on the nervous system is the striking de-
pendence of the type and intensity of effects on the
age at irradiation. In the adult, except at extremely
high doses, the effects that have been observed, whether
structural or functional, appear to be of secondary
importance compared to those that may arise in other
tissues and systems. Functional reactions of the ner
vous system may also appear at very low doses (10
rad or less). However, they are of a physiological
nature, and no damage of the nervous system has been
observed. In children, on the other hand, the evidence
suggests that, at least with regard to the induction of
malignancies, the nervous tissue. might be about as
susceptible as other tissues such as the thyroid and

I
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blood-forming tissues. It is, howcver, in thc pre-tmtal
period that the vulnerability of the nervous system is
highest. There is clear evidence that, from the gcconc1
to the sixth month .of pre-natal life, doges from 50
rads onwards are associated with increases in mental
retardation and microcephaly. Evidence on thc effects
of lower doses during- this samc period of pre-natal

7

life is still extremely tenuous and does not permit
exclusion of the possibility that increased incidence of
the same effects may be. n result of exposnre in this
lower range. Available data suggest that even low
doses given to the fcetus later in pregnancy may in
crease the incidence. of tmnours of the nervous system
as well as of other malignancies.
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RADIATION·INDUCED CHROMOSOME ABERRATIONS IN HUMAN CELLS

Chapter IV

1. The cells of any given species have a character
istic number of chromosomes, and each chromosome
has a characteristic structure and size. Chromosomal
changes visible by some form of light microscopy are
called chromosome aberrations. These can be separated
into aberrations involving changes in structure-the
chromosome structural aberrations-and those invoh'
ing changes in the number of chromosomes. Since
chromosomes contain genetic material, the various types
of chromosome aberrations may result in genetic effects.

2. In man, as in all other animal and plant species,
chromosome aberrations are to be found with low
frequencies in both somatic and germ cells of in
dividuals in populations that have not been exposed to
radiation over and above natural background levels.
Such spontaneous aberrations are changes that may,
in some cases, be transmitted to descendant cells. In
other cases, the changes are so gross that they result
in the death of the cells containing them. Clearly there
are differences between the relative importance of such
changes in somatic as opposed to germ cells.

3. Chromosome aberrations in human germ cells
are associated with and may be responsible for a con
siderable proportion of spontaneous abortions and,
where they are compatible with viability, for a variety
of congenital abnormalities. Indeed, as discussed in the
1966 report, it has been estimated that one child out
of every 200 live-born has a constitutional chromosome
anomaly responsible for a gross physical or mental
abnormality. The importance of chromosome aberra
tions in somatic cells is less clear, although there is
evidence that one particular kind of chromosome
anomaly may be causally related to the development
of human chronic granulocytic leukremia. On the other
hand, in normal healthy individuals peripheral blood
lymphocytes may occasionally contain a chromosome
aberration (less than one in 2,000 for one specific type
of aberration). In itself the presence of such aberrations
appears to be of no consequence to the well-being of
the individual.

4. Exposure. to radiation may result in an increase
in the number, but not in the variety, of chromosomal
aberrations. These aberrations are clearly of genetic
importance and they may, in fact, comprise the major
component of the genetic damage resulting from radia
tion exposure. Thus, a considerable amount of work
has been carried out on the mechanisms whereby such
aberrations are induced by radiation, on the behaviour
of the aberrant chromosomes at cell division and on the
genetic consequences of the aberrations.

5. Until relatively recently, most of this work had
been carried out on organisms that were particularly
well suited for cytological study, because the:)' pos
sessed small numbers of rather large chromosomes.
However, in the last decade, and particularly over the
last four or five years, a considerable amount of study
has been devoted to the induction of aberrations in
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man. These studies have been made possible through
the development of simple and reliable techniques for
culturing human cells in vitro and through the applica
tion and refinement of cytological techniques previously
utilized by plant cytogeneticists.

6. As a result of the developments in human cyto
genetics, it has become possible to make observations
on chromosome aberrations induced in human cells
both in 'vi'llo and in 'vz:tro. Studies have been carried
out on individuals exposed to radiation in the course of
their work or for diagnostic or therapeutic purposes,
as well as on individuals who had been exposed ac
cidentally or as a consequence of nuclear explosions.
In addition, a considerable amount of work has been
undertaken on the responses of human chromosomes
in cells exposed to radiation in vitro. These studies
have shown that the human chromosome complement
is sensitive to radiation and that it is possible to detect
effects following x-ray doses as low as 10 rads de
livered to substantial proportions of the body in a
short period of time.

In vitro studies

7. The blood leucocyte culture system offers a
means of experimenting on freshly obtained human
cells which can be easily and painlessly collected in
large numbers without any advers~ effect on the donor
and are amenable to short-term culture, using relatively
simple techniques. The obvious advantages offered by
this system for studies on the in vitro response of
human cells to radiation exposure have been exploited
by a number of groups of workers, and a considerable
amount of data on radiation-induced chromosome aber
rations in such cells has been obtained.

8. A variety of studies have been carried out on
the influence of various factors, including radiation
quality, dose, dose rate and time of sampling, on the
yield of radiation-induced chromosome aberrations in
human peripheral blood cells. In general, it has been
found that, for any given set of factors, there exists a
quantitative relationship between the yield of aberra
tions and dose, as has been observed in all other
mammalian and non-mammalian cell systems that have
been studied.

9. AlT:hough studies in various laboratories on the
relationship between aberration yield and dose have
shown that separate experiments vield consistent results
significant differences have been observed l'dweel~
laboratories. However, it is now clear that the main
factors contributing to the quantitative differences
between these results are (a) differences in the quality
of the radiations employed; (b) the use of irradiated
cultures as opposed to the irradiation of blood cells in
vit1'O prior to culture and (c) the use of different dura
tions of culture.. "\iVhen these factors are taken into
account, close agreement between different laboratories
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is evident. However, further standardization of methods
is highly desirable to ensure better comparability.

10. This work has great importance because of the
possible use of dose-yield relationships established 'ill
vitro in attempts to estimate radiation doses absorbed
in ~'ivo and as an indication of their likely biological
importance. In theory, dose estimates Can be obtained
with this technique through the study of chromosome
aberration yields in the exposed individuals and extra
polation to equivalent yields obtained 'ill vitro under
defined conditions of exposure. A number of labora
tories have had a good measure of success in estimating
radiation doses in accidentally exposed individuals by
the use of this "chromosome-aberrntion dosimetry"
approach. However, there are a number of important
problems, particulal'1y in relation to problems of non
homogeneous exposures of the body. At the present
time. it seems clear that the use of chromosome aber
ratio'ns in biological dosimetry may have considerable
potential, but much work remains to be done.

III vivo studies

11. Studies on peripheral blood lymphocytes from
patients exposed to diagnostic x rays and from radia
tion workers receiving long-term irradiation hm'e, in
some cases, clearly revealed significant increases in aber
ration yields after doses of the order of a few rads.
The ability to detect such effects at low doses is a
consequence of the relatively high sensitivity of the
human chromosome complement, of the high quality of
cytological preparations from lymphocytes and of the
very low frequency of spontaneous chromosome aberra
tions in such cells.

12. To relate aberration yield to radiation dose in
vivo, data obtained over a range of exposures, pre
ferably unrler standardized conditions, are desirable
but rarely obtainable. A number of studies, however,
have been carried out on individuals irradiated at
various dose levels and under various conditions either
as a result of accident or for therapeutic purposes. The
integral absorbed dose has been estimated from aberra
tion yields in some of the studies on individuals acci
dentally exposed. sometimes ,vith good agreement with
measurements obtained by physical means.

13. Evaluation of the dose under these conditions
is fraught with uncertainty since, although the cells
(small lymphocytes) that are sampled for studying
aberration yields are widely distributed throughout the
body, they tend to migrate so that only a small pro
portion is to be found in the peripheral blood at any
one time. Thus. in the case of short-term partial-body
exposure by radiation of a given quality, the aberration
yield observed in the cells sampled wil'l depend upon a
variety of factors, including the volume irradiated, the
proportion of small lymphocytes in the exposed volume
and, since there is considerable mixing between ly111
phocytes in different tissues. the time at which blood
is sampled afte.r exposure. Similar difficulties arise in
cases where limited areas of the body have been ex
posed to radiation for medical purposes, and blood
samples are taken at short defined intervals afte.r
exposure.

14. Because at least some of the cells sampled for
aberration yields are long-lived, it has recently been
possible to obtain dose estimates from blood cells of
survivors of Hiroshima who had been exposed to radia-
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tion from the nuclear explosion twenty-two years pre
viously. These estimates are in reasonable agreement
with indirect estimates of exposures obtained by physical
methods.

15. It may be concluded that studies to date indicate
that scoring of chromosome aberrations in the l)'mpho
cytes of circulating blood is a potentially important
biological adjunct to physical dosimetry. Special clif
ficulties, however, arise in the irradiations restricted
to parts of the body because of the mixing of lympho
cytes from irradiated and tlllirradiated parts of the body.
Thus, this method only reflects an average effect upon
lymphocytes irradiated in different parts of the body.
Further data are urgently required to improve the
validity and broaden the field of application of this
method.

Possible biological significance of the aberrations

16. The possible biological significance of chromo
some aberrations present in germ cells has been the
subJ~ct of continued review by the Committee, and
the views expressed in the 1966 report are still largely
valid. There are no direct observations vet on the
genetic consequences of radiation-induced chromosome
aberrations in the germ cells of man, although infor
mation on the genetic consequences of radiation-induced
chromosome anomalies in laboratory mammals is avail
able and was reviewed in detail in the 1966 report.
Further study on human meiotic cells is clearly neces
sary, particularly in order to provide better estimates
of the spontaneous frequency of translocations in man
and a better understanding of their genetic conse
quences.

17. At the somatic level, the interest of chromosome
anomalies results mainly from their possible role in
the causation of malignant changes, with which they
are frequently associated. Such a role is, however, still
unclear. Only in the case of chronic myeloid leukremia
does the evidence strongly implicate a specific chromo
some aberration (the Phl chromosome) as playing a
significant role in the initiation of the disease if cells
with this aberration are present in the bone marrow.
Although it is possible that other specific chromosome
abnormalities could be associated with other types of
neoplastic change. the evidence is tenuous, whereas
the presence of a wide variety of chromosome aberra
tions in most tumours and their complete absence in
some others argues against a simple causal relation
ship. Chromosome aberrations may well be phenomena
that are secondary to, and could be independent of,
the neoplastic change, although it is clear that most
agents and conditions that produce chromosome aber
rations also cause tumours.

18. The incidence of chromosome aberrations and
that of tumours both increase with increasing dose,
but the relationship between the two effects is com
plex. Although there is some correlation between radia
tion-induced chromosome aberrations and malignancies,
it is a matter of observation that, of the individuals
exposed to low levels of radiation and who have aber
rations in many of their cells, very few manifest malig
nant disease.

19. The considerable interest in the possibility that
radiation-induced chromosome aberrations may con
tribute to life shortening and to immunological defi
ciency has not so far resulted in any clear conclusions
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regarding the relationship between .:lromosome aberra"
tions and these effects. Although life shortening and
acute immunological deficiency may be induced by
radiation, the part played by chromosome aberrations,
other than by contributing to cell killing in the case
of immunological deficiency, is by no means clear.

20. Information on the yields and types romo-
some aberrations in somatic cells does not as yet pro
vide us with a new approach to, or better estimates
of, risks except in the one specific case of the Phi
chromosome change which correlates with chronic

11

granulocytic leukremia. Knowledge of an increased fre
quency of chromosome aberrations in the peripheral
blood lymphocytes of an irradiated individual cloes not
enable us to make any quantitative statement regarding
the risk of developing neoplastic diseases, immunolo
gical defects or other clinical conditions. For the time
being, estimates of risk of somatic diseases must,
therefore, remain largely based on empirical relation
ships between doses and obsen'ed incidences in groups
of irradiated people, as were the estimates earlier ob
tained by the Committee.
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I. Introduction

1. Debris from nuclear tests in the atmosphere is
still the major radio-active man-made contaminant of
the environment. By comparison, the gaseous and
liquid wastes presently discharged in limited amounts



2. Although several nuclear devices have been
tested since the last report of the Committee? these
have not added significantly to the global inventory
of long-lived radio-active material in the biosphere.
Furthermore, since the last report was prepared
(June 1966), the rate of deposition of nuclear debris
from the atmosphere has ~;creased substantially,
thereby simplifying considerably the problem of predict
ing the future levels of the long-lived radio-nuclides
in the food and tissues of man to be expected from
tests carried out so far.

3. },Ioreover, the results of extensive and compre
hensive sun'eys carried out in a number of countries
have contributed consIderably to our knowledge of the
levels of long-lived radio-nuclides in man and food
chains in those countries, as well as to our under
standing of the many and complex processes involved
in the transfer of radio-activity to the human body.

4. In the present report, the impact of these recent
developments on the assessment of the effect of nuclear
fall-out on man is reviewed in detail. In particular, the
radiation doses to which man has been committed are
estimated from the results of the series of measurements
now available.

5. Although the estimates of the doses thus obtained
do not differ signili:antly from the previous ones, the
Committee now has increased confidence that they
are representative of the doses to which humans have
been committed, at least for those populations in the
countries and areas from which the results of measure
ments are available.

11. Recent data on environmental conlamination

A. AIRBORNE AND DEPOSITED ARTIFICIAL
RADIO-ACTIVITY

1. Atmospheric injections

6. Six nuclear devices were exploded above ground
in central Asia during the years 1966-1968. After
each test in 1966 and 1967, increases in surface-air
activity were observed in Japan within a few days,2'7
and in North America8·11 and Europe12, 13 within the
first two' weeks. The debris from the explosion in
J tme 1967, on the other hand, was observed at the
surface after some months. Reports describing the be
haviollr of the debris from the 1968 test are not yet
available.

7. Five nuclear devices were exploded above ground
at the Tuamotu Islands in the south Pacific during the
last half of 1966, three in mid-1967 and five between
July and September 1968. Increased surface activities
were observed in South America,t4, 15 South
Africa,t2, 13, 16 Australia17·22 and New Zealand23.25
within a month after each explosion.

8. Temporarily increased surface-air activities have
been observed from time to time. The composition of
the radio-active material suggests that it has originated
from underground explosions.26.28

9. In January 1968, an airplane carrying nuclear
weapons crashed on the ice in a sparsely populated
area near Thule off the coast of northern Greenland.
Most of the radio-active material, mainly consisting
of plutoniul1l-239, was spread over an area of approxi
mately 12,OuO m2. There was no nuclear explosion
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and no evidence was found that radio-activity had
spread from the immediate vicinity of the place of
accident.:w

2. Inventories

(a) Strontium-90 alld caesium-13i

10. No significant amounts of nuclear debris were
injected into the atmosphere between 1963 and
mid-1967, and the stratospheric content of long-lived
llltclides has consequently decreased steadily. Thus, in
the period 1963-1966, the total content of strontium-90
in the atmosphere decreased at an approximately con
stant rate with an apparent half-life of about one
year.30,31 The same half-life was found for the man
ganese-54 presumably produced in the 1961 and 1962
test series presumably produced in the 1961 and 1962
altitudes in 1962 showed a somewhat smaller rate of
removal with a half-life of about 17.5 months. It is
estimated that the explosions in 1967 added 170 kilo
curies and 0.6 kilocuries of strontium-90 to the strato
sphere of the northern and southern hemispheres, re
spectively, while those in 1968 added a further
160 kilocuries and 240 kilocuries32, 33 (figure 1). Be
cause of the small amount of debris from earlier tests
still remaining in the stratosphere in 1968, these recent
additions have increased the stratospheric inventory by
about 50 per cent. However, they have only added an
amount equal to about 4 per cent of the global inven
tory (deposited plus stratospheric) due to the earlier
tests.

11. The 137CsjOOSr ratio in nuclear debris may
vary to some extent, depending not only upon the
particular processes taking place in the nuclear devices
but also upon fractionation phenomena. However, ob
servations on the 137CsjOOSr ratio in atmosphere and
deposit in the years 1966-1968 have not revealed any
systematic trend, and, for the purposes of estimating
global inventories, it can be assumed that its value is
1.6.12, 13, 3i·30

(b) Carbon-14

12. The content of artificially produced carbon-14 in
the stratosphere decreased from (36+8) 1027 atoms
at the beginning of 1963 to (17+4) 1027 atoms at
the beginning of 1965.37 No recent data on the strato
spheric content in the southern hemisphere are avail
able, bl1t the indications are that the decrease has been
small since 1965. The tropospheric content of
carbon-14 in the northern hemisphere has gradually
decreased since the years 1963-1964, when maximum
concentrations of about 100 per cent of the natural
level were observed, to about 65 per cent in 1967.38
In the southern hemisphere, the concentration has
gradually increased as a consequence .of interhemi
spheric mixing so that the tropospheric concentrations
were aboltt the same in both hemispheres in 1967.38
No observations on the effect of the explosions in 1967
and 1968 on the carbon-14 levels have been reported.

(c) Plutonium-238

13. The burn-up of the radio-isotope power source
SNAP-9A in the upper atmosphere in April 1964
released 17 kilocuries of plutonium-238.30, '10 Because
of the high altitude of injection and the small particle
size of the debris, the rate of depletion of the upper
stratosphere was small during the first years, the ap
parent half-life being about ten years.41 The rate of
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depletion has gradually increased, and the apparent
half-life in the stratosphere after 1966 has been esti
mated to be between two and three years.42, 43 Mea
sured upper-air concentrations accounted for about
3 kilocuries in the northern hemisphere and 8 kilo
curies in the southern hemisphere in mid-1967,42 and
the cumulative deposit to the end of 1967 was estimated
to be 2.2 kilocuries and 4.7 kilocuries in the northern
hemispheres, respectively.43

3. Deposition

(a) General

14. In the period 1965-1967, the annual deposition
of strontium-90 decreased by about 50 per cent per
year in the northern hemisphere and by a somewhat
smaller amount in the southern hemisphere.13,44 The
latitudinal yariation was, in general, the same as
earlier, with the highest deposition in the middle lati
tudes of each hemisphere (figure 2). In the northern
hemisphere, a pronounced seasonal variation with max
ima in spring was observed throughout the period
(figures 3 and 4). A similar but less pronounced
variation was also observed in the southern hemisphere.

15. Most of the strontium-90 and caesium-137
deposited up to the middle of 1967 was due to explo
sions occurring before 1963. In the second half of
1967, steadily increasing 144Cej137Cs ratios in the
northern hemisphere indicated that a larger part of
the long-lived nuclides came from recent explosions,13
It has been estimated that about half of the long-lived
nuclides deposited in the northern hemisphere in 1968
came from recent explosions,13

16. The nuclear atmospheric explosions occurring
hetween 1966 and 1968 have all resulted in deposition
of short-lived fission products. A study by Hardy45
on 89Sr/ooSr ratios in deposition indicates that most of
the deposition occurring within the first half-year after
an explosion is deposited In the hemisphere where the
explosion took place. However, small amounts of fresh
dehris from explosions in the southern hemisphere have
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occasionally been observed in the northern hemisphere
and vice versa.13, 45, 46

17. Fresh nuclear debris consists of a mixture of a
large number of beta- and gamma-emitting nuclides.
The composition changes with time and may also be
affected 1Jy fractionation of the debris. The total beta
activity or the amount of any single nuclide will, for
that reason, not give a quantitative measure of the
deposit occurring soon after an explosion. However,
the content of barium-140 in ground-level air or pre
cipitation can be used as a convenient indicator of the
amount of fresh deposit, as it can easily be measured
by gamma-spectrometric methods and also because it
has a half-life of the same order of magnitude as
iodine-131, which is the nuclide of main concern as
regards doses from fresh der0sit. Debris from the
explosions in central Asia has normally been observed
at ground level in the northern hemisphere during the
first month after explosion,l3, 45 The levels have been
moderate, peak values of barium-140 observed in the
United Kingdom between 1966 and 1968 ra:aging
from 0.01 to 0.1 pCi kg:l in ground..level air. The
ground-level activities in the southern hemisphere d~e

to the explosions in the south Pacific have shown
barium-140 peak values of about 1 pCi kg·1 in South
Africa,13 Australialo and Argentina.15 Occasional high
total beta activities in ground-level air have been ob
served in Japan5'7 and North America.!)

18. The global annual deposition of strontium-90
has been estimated from the results of two world
wide networks operated by the United Kingdom Atomic
Energy Research Establishment (AERE) and the
United States Atomic Energy Commission Health and
Safety Laboratory (HASL) . Statistical analysis of
deposition data indicated that the latter network had
underestimated the deposition by as much as 20 per
cent,47 and this has now been confirmed.48,40 The
cumulative global deposition at the end of 1966 was,
from the AERE network, 12.5 'megacuries48 and, after
allowing for ~he collection efficiency of the samplers,
12.6 megacunes48 from the other network
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19. The cumulative deposit has been independently
estimated from the results of a "'orld-wide sampling'
programme of strontium-90 contents of soilstiO to be
13 megacnries. The cumulative deposits from 1958 to
1967 are gh'en in figures 5 and 6 and table 1. Table II
summarizes the strontium-90 inventory from 1963 to
19Ci7, as derived from upper-air and "deposition data.

20. Xo comprehensive information on global
caesium-137 deposition comparable to that on stron
tium-90 is available. For most practical purposes, it is
sufficient to assume a constant 13;Cs/908r ratio and so
calculate the caesium-137 deposition from the deposi-

tion of strontium-90. The value of the ratio to be used
for estimating global inventories of caesium-137 was
discussed in paragraph 11.

(b) Rclati.. ,c deposition 011 la-lid alld ocean

21. Deposition in the oceans was discussed in detail
in the Committee's 1966 report.'n The main concern in
this coanexion was that large differences in deposi
tion rates between oceans and land could, if unrecog
nized, give rise to significant errors in the estimates
of the global inventory. Although this did not directly
affect estimates of the dose commitments to the world's
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Figure 'I. 00 Sr concentrations ill surface air based an observations made between 35°\\' and 155°\\'175
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1967

population, it was felt that the possibility of large syste
matic errors in assessing the inventory needed to be
studied closely. The experimentul data on this subject
are still somewhat contradictory.

22. The evidence for excess strontium-90 fall-out
in the oceans comes primarily from the sea-water
measurements themselves which, when integrated over
the entire volume of the oceans, result in an estimate
of the inventory substantially larger than that extra-
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o 1958

polated from land measurements. Systematic observa
tions of strontium-90 concentrations in surface water
of the north Atlantic have also suggested that the rate
of deposition there is higher than over land.5ll,58

23. However, the possibility of large differences
between land and ocean deposition is unlikely because
of other considerations. The most compelling is that
the estimates of the global strontium-90 inventory,li4
when corrected for radio-active decay, have been vir
tually constant during the period 1963-1967 (table II).
As the estimates of the deposit were based on measure
ments made at land stations, a considerably higher depo
sition onto the oceans should have resulted in systema
tically decreasing estimates of the total inventory.

2+. Studies of the cumulative deposit of strontium-90
onto ocean shores in Norway and Iceland55 also fail
to show any significant difference between the deposit
close to the sea and some kilometres inland. In addi
tion, an experiment carried out at Crater Lake, Oregon,
United States, showed that there was no measurable
difference in strontium-90 deposition onto a fresh-water
surface of about 60 km~ compared to that onto adjacent
land.56 These results suggest that, if there is enhanced
deposition of strontium-90 onto the oceans, this may
not be due to different conditions of strontium-90

I
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Figure 6. Isolincs of cumulative 90Sr deposits based on analyses of soils collected 1965-196750
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l'emon\1 from the lower tl'lJposphere oyer the oceans
from those oyer land.

25. KaroPi studied the (kposition of radio-actiye
aerosols from the troposphere onto the land and sea
surfaces. using a quantitath'e meteorological model
and data 011 surfar.e-air concentrations. His computa
tions from the 1110del indicate that, within a zonal belt,
the ayerage rute of deposition on land and on the sea
should be the same.

26. In yiew of the abo\'e considerations. the fall-out
oyer the ocean per unit area in each latitude band is
assumed. as in previous reports and for the pnrposes
of the Committee. to be equal to that m'er the land,

B. ARTIFICIAl. RADIO-ACTI\Tl'\ IX FOOD AXl) TISSrES

1. StrolltiulIl-90

2i, The leyels of strontium-90 in milk and whole
diet in the period 1966-1968 are shown in tables IU
and IV, respecth'ely. In the northern hemisphere,
levels haye been declining steadilY from the peaks of
1963, Based on annual m'erag-es: the over-all decline
up to 1968 has been by a factor of between three and
four. In the southern hemisphere, maximum contamina
tion levels were reached somewhat later. and the sub
sequent decline has been less marked. Levels are still
g'enerally higher in the northern hemisphere than they
~(re in the southern hemisphere, though the difference
Ind narrowed considerably by 1968. In some areas.
particularly the Faroe Islands and Iceland, levels of
strontium-90 in milk amI diet are significantly higher
than the average values typical for most of the north
ern temperate zone. As already indicated in earlier
reports, these elevated levels are mainly due to high
rainfall and poor soil conditions, particularly low cal
cium content,

28. The decline in strontium-90 levels reflects the
decrease in the annual rate of deposition, which by
1968 was very small, so that levels of strontium-90
in food-stuffs during that year were largely due to
absorption from the accumulated deposit in soil. It is
to be expected that the fnrther decline in contamina
tion levels will, fro111 now on, be much slower, as they
will follow the processes of decay and leaching of
strontium-90 in soil.

29. Strontium-90 levels in human bone (table V)
are also declining. As expected, the highest rate of
decline has been obseryed in bone from the younger
age groups (figure 7). but measurements on adult
vertebrae from the northern hemisphere have also
indicated declining levels froll1 the peaks experienced
in 1965 and 1966. In the case of Denmark, for example,
1I11SrjCa ratios in adult vertebrae in 1968 were about
2S per cent lower than the peak leyels observed in
1965. l\Ieasurements of the le\'els in other bones,
particularly in the slower metabolizing long-bone shafts.
are less plentiful, but there is an indication that the 19()~

levels may be slightly lower than those in 1967
(ligme 7).

2. Caesiu111-137

30. The annual mean le\'els of caesium-137 in milk
declined steadily in the northern hemisphere from 1965
to 1967 (table Ill). The levels in 1967 were of the
order of 10-20 per cent of the 1964 peak values. In
the southelT hemisphere. the decrease has been smaller.
The ~\Yailable 19()8 data indicate that the levels in milk
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9 Upper three curves: Denmark

Lower curve: Average
for several countries
(figure 18)
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in some countries of the northern hemisphere have in
creased since the middle of the year as a result of
deposition from recent nuclear explosions.~;· ~8 The .ob
servations of the caesium-137 content of whole dIets,
summarized in table IV, indicate that levels have varied
in the same way as they have in milk. In some
regions of the world (for example, in some parts of
Florida (United States) ,5!1 New Zealand,2:l.:!5 N 01'

wav III the Ukrainian SO\·iet Socialist RepublicGO and
and'the United Kingdom,; and in the Faroe IslandsG2

and Tamaica°:J), levels of caesium-137 in milk. and in
sever"al areas (for example., Florida5!J and the Ukrainian
SSR), levels in meat, are substantially higher than
the corresponding latitudinal averages. These higher
levels are possibly due, as in the case of strontium-90.
to a comhination of high rainfall and specific soil
conditions.

31. Changes in dietary contamination have been
reflected in changes of caesium-137 levels in man
(table VI). The mean body burdens in 1967 have
usually heen about 30 per cent of the 1964 values. The
smaller decrease of body burdens compared with that
in milk levels, is mainly due to the fact that part of the
diet is produced the year before ~ 'sumption. The ex
ceptionally high body burdens o));,erved in subarctic
regions pendst, and it seems that the relative rate of
decrease is smaller than that in temperature regions
as a whole.

3. Jodinc-131

32. The atmospheric tests carried out in the southern
hemisphere during the years 1966-1968 resulted in
measurable iodine-131 levels in milk in South America,



x Human blood (.,ubject No. 1, born 1937)

o Human blood (subje<::t 1'1:). 2, bem i 937)

o Human hair (subject No. 3, born 1962)

4. Carbon-14
34. The conccntration of cnrbon-14 in the human

body has becn steadil)' approaching tropospheric levels.
Since 1966, the body contcnt has been approximately
in equilibrium with the now slowly decreasing tropo
spheric levels arising from injections before 1963
(figure 8) .00
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Africa and the south Pacific region (table VII). The
highest integrated level reported from otie explosion
serics was 27 nCi d 1-1 in thc Buenos Aircs arCa in the
sccond half of 1966.

33. In the northel'l1 hemisphereJ detectable levels
of iodine-131 were observed in Japan after atmos
pheric e."plosions in 1966 and 1967[;' 'i' and in the
United Kingdom in January 1967.°:1

, ..

1962 1963 1964 1965

Fi[JI/I'c 8. He concentration trends in the troposphere and in human blood and hair in SeandinayiaGO

Ill. Assessment of radiatioll doses from
ellvirolllnental contalnillation

A. GENERAL

1. Concept of the dose commitment
35. When a group of persons is exposed to radiation,

it is often desirable to estimate the expected frequency
of the injurious effects that may follow. If dose and
effect are linearly related and there is no threshold,
neither the individual doses nor the time distribution
of the dose need be known, and the frequency is
obtained frol11 the product of the average radiation
dose received and the rate of induction of the biological
effect of interest per unit of dose. It is called the absolute
risk and represents the probability that the average
individual will show the effect after receiving a given
dose.

36. However, since the rate of induction of certain
effects may vary with dose and dose rate, the actual
rates of induction at the levels of radiation to which
human populations are exposed cannot necessarily be
specified, and thus absolute risks cannot he estimated.

37. For doses of a similar order of magnitude,
however, and as long as linearity may be assumed, an
approximate comparison of the risks frol11 hvo sources
can be made by considering the ratio of the radiation
doses delivered to the same tissue by each source
during the same time interval. The dose rate from

19

natural radiation is a cOlwenient reference for this
purpose.

38. If, however, a source gives rise to radiation at
a varying rate, it is convenient to integrate the mean
per capita dose rate over an infinite period of time.
As long as the dose thus calculated is finite, some
indication of the relative risk can be obtained from
the ratio of the dose to that delivered over a finite
time interval (for example, one year) by a reference
source such as natural background.

39. As a measure of the mean integrated doses, the
Committee in its 1962 reportO; adopted the concept of
the dose commitment proposed by Lindell.os

2. Definition of the dose commitment

40. The close commitment was defined by the Com
mittee in the annexes of the 196460 and 1966;0 reports.
In the latter, it was defined as follows; "...the dose
commitment to a given tissue is ... the inteO'ral over
infinite time of the average close rates deliver~d to the
world's populati?n as a result of a specific practice,
e.g. a glven senes of nuclear explosions. The actual
e;;:posures may occur over many years after the explo
SlOns have taken place and may be received lw indivi
duals not yet bonl at the time of the explosi~ns...".

41. 'Vhen a population is exposed to ionizinO' radia
tion, the tissues of individual members receive r~diation
doses, the magnituc1es of which depend on complex
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physical and biological factors. If RI(t) is the dose
rntt' tu thc tissue undt'r considt'ration rcccived at
time I In' an indivi(lual i horn at timc 11, the dose
l'ccl'iyc'd ttp to time t is

At time I., each cohort 0 contributes a fraction

f(I,O)S(O)l'(O) dO
.\' (t) (8)

I

DI(I) =/RI(r)dr,

tI

wlll'rc R I(.) can assunll' values other than ?t'ro only
during thc indh'idual's lifetime.

42. If, at time " the population consists of .N(.)
i11lli\'ilhmh;, then the awragl' dose mte at that time is,
stl111ming over all is,

R('-) _._l_~R.I_)
• - .lY(r)- ". , (2)

to thl' total population, :llld the mean population dose
rutc will therefore be

t
pet) _ j' R(t,(})j(t,O)N(O)l'(O)dO _
\: - X(I) (9)

-·00

from which the close commitment as del1ne<1 in para
graph 43 is obtained.

47. Equation (9) simplifies considerably in the
speci:tl case of a stationary population in which birth
ratl' I' and a\'(\rage life span 11111 are constant and related
by

and the a\'erage dose recl'ived np to time I hy the
popnlation is

1'=
1

(10)

I

Dp(t) =JR(r)dr.

-co

(3)

so that

OQ et:

Dp(co) =_I-J)' R(t,O)j(t.O)dOdt =.....!:....Er( co), (11)
II rn 'It/ll

-x -:)J

The use of - co as the lower integration limit in equa
tion (3) conveniently avoids the need to define the time
scale relative to the exposure.

43. The average dose received by the population,
accumulated over infinite time, is

where
co

E,.(co) = JD(co,O)dO

-co

(12)

(13)
when 'It:::;;; 111/:

when 1t > 'ltl/'
fl/(II) =1,
fl/(u) = 0,

SO. I n many cases, there is an appreciable lag
hetween the receipt of a dose and the overt manifesta
tion of biological damage. The effect of this lag 0 can
be roughly taken care of by replacing the mean life
span 11 111 IJ.\· 11",. -0. In practice. however, the clistrilm
tion of lag times, particularly at low dose rates, is
not well enough known to make it possible to allow
for this effect in the calculation, and it is therefore
usually neglected.

is the mean inllnite dose integral over all cohorts. In
the case of a single individual,lJi(et:.) = EI(co).

-1-8. The numerical values of Ed co) /lI m and D p ( CIJ)
in real populations are practically the same for all
nuclides of interest in the present connexion, with the
exception of strontium-90, where the difference is, at
most, 20 per cent. Ed co ) /u m can therefore be. used as
an approximation for the dose commitment, as this
has some advantages. Firstly, its value is easier to
estimate than that of the dose commitment itself., and,
secondly, the numerical estimates obtained are less sensi
tive to assumptions concerning the demographic char
acteristics of the population.

49. The dose commitment to specific tissues may
require special treatment. For example, the dose to the
gonads is associated with the genetic risk only to the
end of the reproductive period. The genetic dose com
mitment is obtained therefore by replacing the survival
function f(1I) with a corresponding fertility function
tt,r 11 ). If all births are assumed to occur at the mean
reproclllcti\'e age 11g of the parents, then

(4)

(7)

(5)

(6)

co

D p ( co) = JR ( ..) d•.

-co

and is called the dose commitment.

3. GCI/cral problems of estimatillg dose commitmcnts

44. The age structure of a population is defined by
three functions of time:

.V(t) = the total number of people in the popula
tion at time t;

1'(t; = the birth-rate at time t;

f(t,O) = the probability that a person born at time
o is alive at time t.

For the purposes of the present discussion, these three
functions will be regarded formally as being continuous.

45. The size of a cohort born in a small time inten'al
dO around time 0 is then

46. If the mean dose rate at time T to the living
members of the cohort is R (T,O), the mean dose accu
l1111bted up to time t will be

t

DOO; = JR(T.O)f(T,O)dT.

H

f(1,0) X (0) 11(0) dO.

.N(0)1'( O)dO,

and the size at some later time t will be
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51. The radiation doses received by fretuses are
not nonnally included in the dose commitment. Not
only is the contribution extremely small, but the type
of damage sttffered, as well as the relative tissue
scnsith'ities, may not he the same at this stage as they
may be later in life. It may be useful therefore to
define a separate dose commitment for the fretal sub
Jlopulation. Thus,

where R/ 00) is the mean dose ratc delivered to the
fretus during an age interval 6u in which the fretus
is susceptible to a particular type of damage; other
wise, RJCT) =O. The size of the subpopulation is
1,S~II. Fretal rates from external sources and from
internal sources that are reasonably uniformly distri
buted will he about the same as those received by the
mother so that, for these sources, Dj{oo)~Dlloo). To
estimate the dose rates to the foctus from particular
rndio-nuclides, the distribution of these radio-active
sources in the mother and in the foetus must be known.

52. Although the dose commitment has mainly been
applied to the case of exposure of the world popula
tion to radiation from nuclear tests, the concept is. in prin
ciple, applicable to other cases. For estimating the value
of the dose commitment, however, it may be necessary
to take into account various specific properties affect
ing the distribution of dose among members of the

I
I

population. The dose commitment is then obtained as
the average of the dose commitments to the relevant
subpopulntions, appropriately weighted by ~ubl)Opula

tion size.

B. GENIm.\L THANSFEl{ FVNCTIONS

1. 11Itroductio1l

53. Doses due to environmental contamination from
nuclear tests are delh'ered to tissues from sources inside
and outside the body. In the latter case, the dose com
mitment can, in principle, he estimated straight
forwardly, following the general procedures discussed
in the previous section. In the case of doses resulting
from radio-nuclides deposited within the hody, the
calculations are compiicated hecause there is no prac
tical way of measuring tissue doses directly from such
sotlrces. The primary measurement therefore is the
burden of the nuclide in the body or tissue rather than
the dose rate, and the latter must he calculated from
physical principles and the distribution of the source
within the body.

5-1-. Calculating the dose commitment then becomes
mainly a problem of predicting changes in the amounts
and distribution in the body of the reb'ant radio
nuclides. In practice, this may involve not only con
siderations of the metabolism of the nuclides in various
organs and tissues but also in food-stuffs. The chain of
events leading from the primary injection of radio
active material into the atmosphere to irradiation of
tissues can he represented schematically as follows:

Inhalation

(1-1-)

cc

Dj{oo) =I RJC-r)dT,
-00,

.,

I
Input ~ Atmosphere~ Earth's surface~
(0) (1) (2)

I

.l.
Diet~ Tissue -,'> Dose
(3) (4) (5)

t
External irradiation

Some of the possible simultaneous pathways are shown
ill the diagram, indicating the possibility that several
steps may be bypassed.

55. Since the dose commitment from a given source
is the integral over infinite time of the mean per capita
dose rate resulting from that input, steps in the sequence
from input to the final dose commitment can be con
veniently described in terms of the ratios of the
infinite integrals of appropriate quantities in step .i of
the sequence to the infinite integral of the appropriate
quantity in the preceding stepi. These ratios define
the transfer coefficients P,j that appear as links in the
pathway from input of radio-activity into the atmos
phere to the subsequent radiation dose to man.

56. The tissue dose from a given source, acting
through a given sequence or chain of events, is the
product of the input from that source and of all the
rele\'ant transfer coefficients. The total dose rate to
the tissue is then the sum of the doses contributed
hy each sequence. For instance.

Dose:=c 1111' lit r(Po/Pla P,?8 P,'I.I P1J + (P01P1\P~;;) +
(PolPuPa.;)] (15)

57. Reference will sometimes be made to the value
ot the coefficient ohtained when numerator and deno
minator have been integrated to some finite time. In
this case, the general symhol t or a specific year will
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be given in parentheses immediately following the
symhol P. In some sequences, intermediate steps may
not he involved, and this will be indicated by the
numeric suffixes attached to the symbol P. For example,
the case of external radiation in which diet and tissue
steps are not involved will be referred to as Pa5. On
the other hand. cases will arise in which an inter
mediate step, aithough im'olved, may not in practice
be tr~ated separately in the calculations. This will be
indicated by the use of a single symbol P with a suffix
showing the numbers of all the steps implicitly included.
For example, P2.1J, indicates the ratio of the infinite
time integral of the levels in tissue to the infinite
time integral of the fall-out deposit.

58. The units in which the values of the P coeffi
cients will be expressed vary with the specific nuclide
and with the nature of the quantities being linked.

2. Specific iransfcr fUllctions
(a) Trallsfcr from primar:,' source to atmosphere (P 01)

59. A source of radio-actiye environmental pollution,
such as a nuclear explosion, is characterized by the
production rate U of the nuclide considered. Dependincr
on conditions, variable amounts of the radio-aetiv~
materials are released into the environment. If the
rate of release into the atmosphere is ftV the transfer
coefficient POl is defined hy ,

I

I
I
I
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(20)

POt =

00

! Trdt
-00

00

! [;dt

-00

ITV
- IU' (16)

:$F,N(
Z.l = -=-----'''''';'

F.I~N(

which, if the area is the whole globe, Can be used to
estimate the dose commitment from the mean global
deposit. The ratio Cl =Fip,l is called the geographical
factor and can be used to describe local variations in
deposit. ..

(17)

(21)

(Subsequently, I will be used as a shorthand notation
for integration over time from - 00 to + 00 ).

60. In the case of nuclear explosions, information
on POt is often lacking, and in practice the dose com
mitment is estimated from ITV, i.e., the total amount
of radio-active material injected into the atmosphere.

(b) Transfer from atmosphere to earth's surface
(P12)

61. The subsequent atmospheric inventory depends
on the rate of removal by deposition onto the earth's
surface and on radio-active decm". The transfer coeffi-
cient P12 is defined by •

IF"
P 12 = ITV '

where F r is the rate of deposition in units of radio
activity per unit time, and IFI' is thus the total inte
grated deposit.

62. The numerical value of P12 depends on the time
lag between injection and deposition. If this time lag
is small compared to the radio-active half-life of the
Il".:chde considered, P12 is close to one. As the mean
residence time of debris inj ected into the stratosphere
is, at most, a few years and the residence time in the
troposphere is a few weeks, P 12 for long-lived nuclides,
such as strontium-90 and caesiul11-137, can for practical
purposes be taken to be unity. For short-lived nuclides,
explosion yield, height of injection, particle-size of
the debris, etc. have a considerable influence on the
numerical value of P12. For nuclides, such as carbon-14,
that appear in gaseous form, no meaningful P 12 can
be defined.

63. The integrated deposit up to time t is defined by

(c) Transfer from dej10sit to diet (P2S)

65. The levels and time distribution of radio-activity
in food-stuffs are determined by a number of complex
processes occurring in the biosphere. The over-aIl
effect of these processes is summarized by the transfer
coefficient P 23 defined by

IC
P2S = IFI' J

where C is the mean dietary content of the nuclide
considered and IC. consequently, the total integrated
dietary content. Often a direct estimate of P23 cannot
be made, and it is then necessary to consider more
closely the processes involved. For this purpose, it is
convenient to use a transfer function.

66. If dC(t,) is that part of the radio-active con
centration in the diet at time t that is attributable to
the amount of radio-activity F"(T)dr deposited during
the interval dT at time T, the transfer function is defined
as

(22)

where K(t,T) is subject only to the assumption that
the transfer processes are unaffected by the consequent
radiation doses received in the biosphere. The level
of activity in the diet at time t, being the sum of the
remaining portions of all previous deposits, is there
fore

t

C(t) =.r K (t,T) Fr(r) dr. (23)

-co

.,

where T p is the radio-active mean life.

64. Deposition and population density vary wi;.l·cly
over the earth's surface, and, for that reason, weighting
factors must be applied when relating mean deposition
to dose commitment. HF'l is the mean deposition in
some area A consisting of a number of regions i with
deposition F i and population Ni, a population factor is
defined as

68. If yearly average are used and it is desired to
derive an explicit form for the function K(zt) from the

67. Many important processes affecting transfer
through the biosphere have a pronounced yearly cycle.
The effects of this periodicity can be largely smoothed
out by taking yearly averages of C(t) and Fr(t).
\Vhen K(t,,) is derived from such yearly averages, it
is generaIly assumed that the value of K (t,r) is deter
mined by the time lapse t -T = u. The integrated
dietary level is then obtained by summing over all
times the annual mean amounts in the diet, or

t

F(t) = ! Fr(T)dT

-co

and the cumulative deposit by

t

Fd(t) = ! -(t-T)/T[l
F"(T)e dT,

-co

(18)

(19)

22

co

IC= .r
-co

co co

C(t)dt = ! K(1t)dzt! Fr(t)dt

o -co
co

= IF,. .r K (u)du.

o
(24)



70. The transfer coefficient K (t,T) has been defined
for total diet. In practice, diets are composed of various
types of food-stuffs to which different transfer func
tions may apply. Analogous functions can be derived
for each dietary component. If these are denoted bv
Ki(u), then •

where ai is the fraction that component i contributes
to the total diet and the summations are over-all com
ponents.

71. The levels of a radio-active nuclide in diet may
be expressed in any convenient units, such as activity
per unit mass, activity taken in per day or activity per
unit mass of some stable element.

72. Very little is known quantitatively about the form
of the transfer function J( (u), particularly for ~t longer
than a few years, which may be much shorter than
the p~riod of interest. In its previous reports, the
Comt111ttee assumed that

leyels measured in individual food-stuffs and the annual
deposit, the periods selected for averaging should be
chosen with care. For example, when a calendar year
is selected, it may becOtl1e necessary to introduce
additional terms to allow for the fact that the fodder
used in one year may have been produced during a
preceding year. Similar problems can also arise in the
southern hemisphere because the time of harvest there
is sprea(l over two calendar years. Such additional
terms are necessary to obtain reliable predictions of
future national contamination levels, but, for esti
mating transfer functions applicable to larger areas from
which no measurements are available, results averacred

. d ' I ~over peno s mUCll anger than a year are greatly to
be preferred.

69. '''Then deposition occurs in a time period shorter
than a year, the consequent level in diet may depend
on the time of year when deposition occurs as well as
on the elapsed time. In this case,

K(I,T) = K(II,I-r) = K(t1,u), (25)

where 11 is the middle of the deposition period. The
integrated dietary level is then

I
J

I

I
I
I
I

(34)

(33)

and the dietary levels at some later time T are then

and

co I' co

f C(I)dt =f C(I)dt + f C(I)dl, (32)

-co -co I'

The first term on the right is obtained by summing
the measured dietary levels up to time t,.n

75. The present formulation has the important
advantages that (a) the estimate of IC thus obtained
is less sensitive to errors introduced by the assump
tions and becomes increasingly independent of the
assumptions as t' increases and (b) the integral on the
right side of the equation can be considered a lower
limit of the estimate of IC, while, if T lIl in the second
term on the right is taken to be the radio-active mean
life, then the Stllll of the two terms is the maximum
value that I C could attain. It is therefore possible to
apply limits to the numerical estimate of P2.1 since

co t'

IC =f C(t)dt =f C(t)dt +C(t') Till' (36)

-co -co

co

f C(r)dr=PdFa(t') >..-1 =C(t')TlIl (35)

I'

so that

current deposition and the accumulated deposit in soil,
respectively, and where ,\ is the rate constant of the
assumed exponential process by which the nuclide is
removed from soil so that Till is the mean residence
time equal to ,\-1.

73. The methods available for determining the
values of PI' and pa, as well as the limitations of applying
an over-simplified model, were discussed in the Com
miUee's 1962 and subsequent reports. It was shown
that, in general, the contributions so far have been
largely determined by current deposition. This means
that the values of 1"1 and T'll could not he estimated
reliably.

74. Since the Committee's last report, the annual
amounts of fall-out have declined sufficiently to make
the short-term effects negligible, and estimating a
numerical value of P!3 is now easier. Thus,

and if I' is selected so that FI·( t') <= 0, then, following
the Committee's previous assumptions,

(28)

(27)

(26)

co

IC = IF,. f K(Tl)lI)dll.

o

co

IC = IFI'''2a; f K;(lI)dlt,

o

K(lI) ="2aiK;(u)

and

.,

W!lere P,- ~nd Pd are constan~ factors of proportion
ahty refernng to the transfer mto food-stuffs from the

J( tll) = p,. + Pd e -XII 0 < 1t < 1 :vcar (29)

= Pd c -XII 1/ > 13'cm- (30)

and

P23 = P" + Pd Till, (31)

23

t'

f C(t)dtjF(t'J <P2 ;1

-co

<f1C(t)dl +C(I') TO] jF(r). (37)
1
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~~.'
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is the dose rate received by the organ or tissue of
interest, the dose-rate function is defined by

The organ or tissue of interest need not necessarily be
the same as that containing the nuclide. The dose-rate
functitln is only valid for a given distribution of the
nuclide in the body. If different parts of the body have
varying metabolic properties resulting in time
dependent changes in the distribution of the nuclide, the
dose-rate function will also change with time. An
example of this type of behaviour will be discussed later
in connexion with strontium-90 in the skeleton.

83. The average dose-rate function for a cohort is
similarly defined as

R(t,e)
g(t,e) = Q(t,e) , (45)

where Q (t,e) and R (t,e) are, respectively, the level of
the lluclide in the organ or tissue of interest and the
dose rate at time t averaged over the living members
of the cohort e.

84. In most cases, g(t,e) can for practical purposes
be regarded as a constant g so that

(d) Trallsfer from dlet to tisslle (P34)

76. The transfer coefficient P s.\ is defined by

P IQ ('::8)
S4 = le' v

where Q is the population mean level of radio-activity
in a given organ or tissue. The level of radio-activity
may be expressed in different ways, such as total
amount of radio-activity, activity per unit mass of
organ or activity per unit mass of some stable nuclide
in the organ.

77. 'Vhen a given amount of a radio-nuclide enters
the body, a varying amount becomes deposited in the
different organs and tissues. Subsequently, through
both radio-active decay and biological elimination, the
levels in the different parts of the body decline. If
dQ (t,T) is that fraction of the radio-activity in a given
organ or tissue at time t following the intake of an
amount C (T) dT during the inten'al dT at time T, we
can cleflne a general tran:;fer function, 1I1r(t,T) a:;

1 OQ(t.T) (39)
miCt,T) = C(r) a;- .

78. The level of activity in the organ or tissue at
time t is obtained by sttll11ning the contributions from
all earlier intakes, that is,

(44)

(46)

t

Qlt) = f C(T)1II r(t,r) dr.

-co

(40)

When g(t,e) varies considerably with age, it is usually
more convenient to calculate P 345 directly.

85. The mean cohort dose rate is, from equation
(45), given by

- co

(e) T1'ansfer frm1/, tissue to dose P45

81. If an integrated radio-activity level IQ results
in a dose commitment Dp ( co ), the transfer coefficient
P 45 is

In this case, the corresponding transfer function is the
dose-rate function g.

82. If Qi(t) is the level of a radio-nuclide in a given
organ or tissue of an individual at time t and Ri ( t)

24

(48)

(47)

t

f
-co

-co

t

Bdt) = f D(t,e)de =

R(t,e) = Q(t,e)g(t,e),

and thus, according to equation (41),

t

R(t,e) = g(t,e) f C(r)m(t,r,e)dT

e
and ~;quation (7)

t r t' 1
D(t,D) =f 1("D)g(f,O) l! er,)m("",D)d, t' (49)

'When the fractional survival of the members of a
cohort depends only upon age and is therefore inde-

in which it is convenient to change the order of integra
tion to obtain the equivalent expression

D(t,D) = jC(f) [1 IhD)g("D)m("f,D)d, t".(SO)
e t' J

86. Adding together the mean doses for all the
cohorts in a population gives

(43)P
_ Dp(co) •

45- IQ

Since it can be assumed that, It the low levels of
activity in the body resulting frum nuclear weapons
tests, the various metabolic processes are unaffected by
the radiation doses received, equation (40) is generally
valid.

79. An average function m(t,r,e) can similarly be
defined for the members of a cohort e so that

t

Q(t,e) = f C(T)m (t,r,e)dT, (41)

e
where Q (t,e) is the mean level of the nuclide at time
t in members of the cohort.

80. The mean level weighted by population at time
t is, in analogy to the mean population dose rate as
defined in equation (9),

t

Q(t) = j' Q(t.B)f(t,e)N(e)v(e)de (42)
N(t)
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and

89. The corresponding transfer function is defined as

I

I
I
!
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C. TRANSl~ER OF SPEcmIC NUCLIDES

1. Strolltit/m-90

(a) Metabolism in man

90. In previous reports, the time integral of the
strontium-90 body burden was estimated from the
time integral of the levels of the nuclide in diet using
a theoretical model of uptake and elimination of cal
ciuln in bone together with a proportionality factor
(observed ratio) allowing for the differential transfer
of calcium and strontium from diet to bone. By con
trast, in the present report, the time integral of the
body burden is estimated from the levels of strontium-90
measured in human skeletons. This method depends
more critically on knowing how strontitun-90 is dis
tributed and retained in the skeleton. The experi
mental foundation for the values of the parameters to
be used in the new ,~thod of estimation are reviewed
in the following p, .;raphs. It wiII be shown later
that the estimates 01 the diet to bone transfer co
efficient P.~.I obtained by the two methods agree well
with one another. To make for easier comparison of
the relative merits of the two methods, a brief sum
mary of the use and limitations of the concept of the
observed ratio and other aspects of the relative trans
fer of calcium and strontium through food chains are
also reviewed in the following sections.

(i) Distribution of strontiu1lt-90 ·in the body

91. :More than 99 per cent of the calcium, stable
strontium and strontium-90 in the body is found in
the skeleton. i1 The small amount of experimental in
formation available suggests that stable strontium is
ciistributed uniformly throughout the various bones
of the skeleton,72 Similarly, strontium-90 in the skele
tons of children and adolescents appears to be tl11i
formly distributed, although no systematic studies
have been carried out on a large scale. In contrast,
the distribution of strontium-90 in the adult skeleton
is not uniform, the highest uOSr/Ca ratios being found
in those bones, such as vertebral bodies and ribs,
which are predominantly trabecular, and the lowest in
those, such as femoral shafts, that consist predomi
nantly of compact bone.

92. To compare measured uOSr/Ca ratios in adult
bones from countries in which different types of bone
have been collected, normalization factors are required.
The normalization factor for a given bone is the ratio
of the uOSr/Ca ratio in that bone to the uOSr/Ca ratio
either in another bone, selected as standard, or in the
whole skeleton. Several investigators have measured
normalization factors, and their results are compared
in table VIII and figure 9.

93. The number of samples in some cases is small,
intraskcletal relationships have not always been mea
sured on the same individuals and there have been
differences in methods of computation used by different
workers so that these observations are difficult to
interpret.

94. There are wide variations between individuals
as shown, for example, by a recent study in Czecho
slovakia7:l in which lJOSr/Ca ratios in vertebrae and
femoral shafts of the same individual were compared.
In the fifty-four individuals examined, the correlation
between the uOSr/Ca ratios in the two bones was only
0.3, which, though significant at the 95 per cent proba
bility level, does indicate that normalization factors

25

(59)

(60)

(58)

(55)

earlier.

oR(t,,)
OT

00

Ec(oo) = .111 I C(t)dt

-00

D pC"'1 ( 00 )
P~5 = IF

r

1
het,,) = F,.(,)

in analogy with transfer functions discussed
In practice, h(t,,) is normally approximated by

I() I -'A·(t-,)
I t" = loie' ,

with

00 0000

Ec( 00) = f C(t)dtff f(u)g(lt)m(lI,1t')d1/dlt', (54)

- 00 011'

in which the double integral IS constant 111 time so
that

) ( ) ( ::')g(T,O) = geT - 0 = g 11 v-

where hVi is a dose-rate conversion factor, accounting
for the tiverage effects of weathering, shielding by
buildings, etc., on which the properties of het,,) dq: '11d
in a complicated manner.

00 00

.111 =ff g(1I)f(1I)11l(u,1t')dudlt'. (56)

on'

87. Thus, in principle, the value of E e( 00) can be
estimated if the value of the constant .111 and the ac
cumulated levels of the nuclide in the diet are known
and if the physiological and demographic properties of
the population considered in deriving equation (54)
are generally valid. Combining equation::; (11) and (55)
and bearing in mind the considerations in paragraph 48,
it follows that

p _ D1,(00) ~ Ec(oo) _~ (57)
545 - IC ~ 11", IC - Hill •

The practical problems of evaluating the constant .111
and applying equation (57). to real populatio~1s v~ry
markedly according to the dIfferent radlO-nuchdes 111

volved and will be left to later sections.

(f) Dose from c.1:torllalradiation (P25)

8S. If a deposit IF,. results in a dose commitment
due to external radiation of Dpc.rl ( 00 ), the transfer co
efficient P25 is

m(T,t'O) = IIl(T - O,t' - 0) =m(I(.,u'), (53)

where u' is the cohort age at time t'. Equation (51)
can then, after integrating to infinity over all cohorts,
be written

pendent of 0, then f(T,O) =f(T-O) felt) where u
is the age of the cohort at time t. Similarly, when
physiological processes and dietary habits are also con
stant in time and depend only upon the age of the
cohort,
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measured on and applied to a small number of samples
may be misleading.

(ii) Strontium 1'ctention functions

95. Adults. Experiments on human subjects in
which strontium retention has been measured directly
by whole-body counting of strontium-SS or inferred
from total excretion, together with measurements made
on subjects accidentally contaminated with strontium
90, show that strontium retention can be described by
a sum of exponentials such as

R(t) =A1£,-'\l
t +A2e -'\2

t +A,1£' -'\st. (61)

96. The first two time constants correspond to
half-lives of two or three days and ten to twenty days,

26

respectively, the third one to a half-life of at least
several hundred days. However, the physical half-life
of strontium-SS is sixty-five days, and retention can
only be followed experimentally for periods up to
about 500 ,days.

97. Longer-term retentions have been followed by
Muller et al.75 • 76 and by vVenger and Soucas77 using
a group of luminous dial painters accidentally con
taminated with strontium-90. vVenger and Soucas
found one subject who, just after intake ceased, was
excreting strontium-90 with a half-life of about 300
days, while another subject, studied 940 days after
intake ceased, showed a half-life of about 2,500 days.
Ivfiiller studied a group of fifty-two persons for about
2,500 days (j ust over six years) and found that the
excretion curve could be separated into a fraction
with a half-life of about 700 days and one with a half-
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R(t)=Ae- At +Bt- C ) (62)

where R(t) is the retention t days after intake, B is
the fraction of the intake that is retained at one day
and released as a power function of time and C is a
constant less than unity. So far as the dose commit
ment is concerned, the exponential term is of no con
sequence, since A corresponds to a hal.f-life of a few
clays only. The power function alone gIves a good fit
to the strontium-85 retention for periods from twenty
or thirty days after the uptake to about 500 days.
Miiller reports that it still fits after 2,500 days.

100. Since B varies, depending on whether the
nuclide is injected directly or is taken by mouth, the
power function retention should be represented by

life of about 6,000 days. Rund078 described measure
ments made on a man with a twenty-year history of
exposure to radio-active materials. V/hen his esti
mated strontium-90 content was plotted semi
logarithmically against time from 1957 to 1967, a good
straight line was obtained, corresponding to an ef
fective half-life of 4.2 years and indicating a bio
logical half-life of 5.1 years (1,870 days).

98. Although this sprec::.d in the estimates is due in
part to individual variation, there are probably also
differences in the computational methods used by dif
ferent investigators as well as differences in the history
of contamination between subjects.

99. Alternatively, the results of retention experi
ments can be fitted to a function of the form

~

r
I
r

--- Beninson et 01.
85

o F letcher :; :i:86

A River083--

assumed that annual excretion rates are a function
of age only and that, at any given age, strontium-90
is eliminated at the same rate regardless of the time
at which the strontium-90 was originally laid dow.'1.
These assumptions would be strictly correct with a
simple exponential excretion function but might be a
poor approximation if excretion followed a power law.

During a period of chronic intake of strontium-90,
however, the long-term excretion will have compo
nents corresponding to the 0.08 )'-1 elimination rate
constant for vertebral-body-like bone and to the 0.02 y-1
rate constant for femur-shaft-like bone. However, in a
recent study,84 a model slightly different fr0111 that
used for estimating the 0.08 y-1 and 0.02 y-1 replace
ment rates has been introduced, which yields replace
ment rates lying between 0.03 and 0.04 y-1 for verte
brae and between 0.02 and 0.03 for ribs.

104. If the strontium-90 levels in bone are in
tegrated over decades as is usual 'when calculating the
dose commitment, the contributions from terms hav
ing time constants corresponding to half-lives less
than a year or so are small and can be neglected. On
the other hand, evaluating the long-term excretion
rate constant from an analysis of year-to-year varia
tions in the annual mean levels in bone of strontium
90 due to weapons testing is difficult because of the
fast initial excretion.

105. Juveniles. What has so far been said applies
to adults, and it is not known whether and to what
extent these considerations apply to children and ado
lescents (age < 20). Attempts have been made to
estimate strontium-90 excretion rates for children from
the relatively small amount of data available on levels
in bone and in diet.ss, So, sa The results obtained are
shown in figure 10. In these studies it is implicitly

Figure 10. Fraction of body burden excreted per year as a
function of age
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(iii) Observed ?'atia

106. The observed ratio between bone and diet is
the proportionality factor expressing the relationship
at a steady-state between the 90Sr/Ca ratio in bone
and the ratio in which the two elements are available
from the diet from which the bone is derived. The
observed ratio is, within a limited range, independent
of the calciuIT.1 concentration.

107. Interest in the observed ratio rests mainly in
the possibility that, through its use, the levels of
lloSr/Ca in bone may be estimated from known levels
in diet. The observed ratio can be measured only in
systems at a steady-state or where the strontium and

(63)-CR(t) =faBt )

where f'a is the fraction absorbed from the gastro
intestinal tract into the blood. Experimental values for
the parameters l'a, Band C vary from person to person
as reported by the same investigator and also between
investigators.

101. Several workers7ll. 80 have studied small groups
of subjects and obtained estimates of B) f'a and/or
the product f'aB. The considerable. variation found
among the results of different workers is probably
due not only to the small samples studied but also,
in cases of ingestion, to differences between experi
mental conditions. Typical values of the parameters
are f'a = 0.2, B = 0.5, C = 0.2.

102. Measurements of stable strontium in adults72
suggest that metabolic equilibrium is established,
and this is incompatible with a power-law function.
Marshalls1 postulated that there is a transition from
a power-law to a mono-exponential function occurring
ty years after a single intake and that the time constant
of the exponential 11. is related to the constant C in
the power function by the relation 11. = City. He esti
mated that, for humans, ty is about 3,000 days which,
combined with a value of C = 0.2, gives 11. =0.025 y-1.

103. Bryant and LoutitS2 and Rivera and HarIeyss
estimated that the fractional replacement rates of stable
strontium in adult vertebral bodies and femur shafts
are 0.08 y-1 and 0.02 y-1. If the body is in strontium
balance, these values must be equal to the rates of
excretion of the element from these bones, implying
that the final mono-exponential function following a
single intake has a biological time constant of 0.02 y-1
which is in close agreement with Marshall's estimate.

27



cakium bdng intl·oduc<.'d cannot he ~'ll\lfuscll with that
ait'l,atly pl'<.':'l'nt. TWl) m<.'thOlI:, 1,,~~:. heen usell. to esti
matl' the ohscl'\'l'll ratill t\w adults :~~ (Cl) mcasuring
thc ratio of stahk stl'llntium to cakium in the diet
ami in ham': i b I admini:itl'ring sitmlhanc\Hlsly radio
isotopl's of Il.lth stl'llntillln and cn~chlln. 1n these
n1l'th"ls. it is assun1l'tl that till' 1ll'l'son has consumed
a diet with a con:,tant :,tahll~ strontium to calcium
ratio and that th~ s)'stl'm i:, at l;'ljuilihrium.

1O~. TIll' ohs\'I'\'l'.I mtill ohtail.l'll from double
tracl'l' l':''l)l'riml'nt:, (simultaneous admini:,tmtion of
I'adiu-acti\'l' calcium ami strontium isotopes) is not
critically lh.'pl'mlellt uplln thl;' intl;'I'\'al betw('C'n intake
and meaSt\femt'nt. pl"ll\'ided sufficient time is allowed
for 1'l'nllwal of till' fractions associated with soft tis:,ucs
rather than with bone,

lOl), \'allll's of the obse1'\'cd ratio estimated from
stable stronthun to calcium ratios in bone and diet
for a number of countries are showu in table IX, The
range is from 0.15 to 0.33 with an U\'erage of 0.22.

110. Yalues of the ohse1'\'cd ratios as a function
of a~e in jtn'eniles have been estimated from strontium
90 to calcium relationships, and the results obtained
are shown in figure 11. However these estimates 11<1.\'e
been del'h'ed from the estimates of annual excretion
rates referred to in paragraph lOS, and therefore the
validity of the results thus obtained depends on ex-

112. Knizhnilw\' and :.\fareiss have meastU'ed ob
:il'l ,'('(I ratios for both stable strontium and strontium
llO Ill'tw('('n bon(' of still-born and maternal di('t in the
~o\'i('t Union, I1nding a ,'alue of 0.08 for the former
~'oml'al'l'd with 0.05 for the latter, They suggest that
thl' dilTl'rl'llce is due to the differcnce in availability
hdwcl'n strontium absorbed from soil and that de
llosited on the surbce of cereal grain. A different in
t(,l'pretation is, hOWC\'el\ possible if it is assmlleds,!

that onlv a fraction of the strontium and calcimll de
posit\'d in the fn.'tus comes from th(' maternal diet, tiw
rest bl'ing' derh'ed from the maternal skeleton.

113. (lilT ct al.l:i!' meastlt'ed O(lSr/s"Sr ratios in
urine of subjccts fe:1 for fotU' weeks on a diet con
taining whole-grain bread baked from wheat grown
on soil contaminated with high levels of strontium-90
and milk from a cow injected with strontium-SS prior
to milking. Close agreement between the urinary and
dietary isotopic ratios suggests that strontium avail
ability is not affected by the composition of the diet.
This eXJlerimental result does not conflict with the
suggestion of Knizhnikov and l\'Iarei, because the
strontium-90 in the cereal grain was derived from soil
rather than directly deposited.

114-. The l1°Sr/Ca ratios in diets for Moscow and
Xew York City are plotted in figure 12. The average
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Figure 11. Vaiuc of the observed ratio for juveniles

cretion being a mono-exponential rather than a power
function of time.

111. Effect of diet composition on observed ,'atios,
A number of factors associated with diet cOlllposition
that may alter the value of the observed ratio have been
studied experimentally with laboratory animals.o7

Attempts to demonstrate similar effects in man, how
ever, have generally led to inconclusive results. 'When
measurements are made on levels of strontium-90 from
fall-out, the experimental conditions can rarely be de
fined properly, and the results are difficult to interpret.

28

1959 1960 19611962 19631964 196519661967

Fh/llre 12. nOSr/Ca ratios in whole diet and adult human vertebrae
in MOSCOW74, 180 and New York CitylS1

diet leveJs for the two cities during the years 1963
1966 are ill the ratio 2.5, but the average levels in
adult verte"rue during the same period (also shown
in figure 12) are in the ratio of only 1.3, implying
that in 1·Ioscow the observed ratio for strontium-90
is nearly half that in New York City. On the other
hand, the observed ratios for stable strontium are very
nearly equal for the two cities (table IX).

115. Knizhnikov and Marei8S have also suggested
t1mt fluorine in drinking water may reduce the value
of the observed ratio. Their measurements show stable
strontium observed ratios declining from 0.18, when

!!



the fltlOrine content is low, to half this "alue when the
l1uorin(' concentration is about 1.5 parts pcr million.
Conflicting- results ha\'e been obtained by other
workers,u° how(\\'er, and a propel' assessment is not
yet possible.

(b) Food-chaill UIIJchanislIls

116. Because of the dh"Cl'sity of food-stuffs ent~ring
human diets and the many ways in which they are
produced, prepared and combined in different areas
of the world. a .::omprehensh·e quantitati\'e description
of the transfer of strontium-90 through food chains
would be complex. Further limitations are imposed
in practice by the lack of detailed information con
cerning the calcium intake of a large fraction of the
world population. +!le !e\'els of strontium-90 in the
ditTerent food-stufTs and the effect of local climatic
and agricultural practices on trans'~r processes.

117. To o\'ercome these problems, the Committee
in its 1962 report classified food-stuffs into four broad
types-milk, cCI"L'als. starchy roots and \'egetables
for each of which a repre:>cntati\'e \'alue of the transfer
coefficiellt was derh'ed from data then a\'ailahle. Like
wise, total diets were classified into three main types
depending on the proportions contributed to them by
the different food-stuff classes. \Veighted mean transfer
coefficients were thus obtained for each diet-type.
When further weighted by the size of the population
consuming them and the le\'el of the strontium-90
deposit for the latitude where the food-stuffs were
produced. these coefficients could be combined to gi\'e
a weighted global mean transfer coef-ficient.

118. In the 1962 and subsequent reports, the global
transfer coefficient thus obtained W<iS used to estimate
the uOSr/Ca ratio ill new bone from the world-wide
mean deposit and the observed ratio between bone and
diet. The limitations of this approach were discussed
in the 1962 report (annex F, paragraphs 12 and 18),
and the inherent uncertainties were pointed out.

119. In its 1962 report, the Committee also em
phasized that the transfer coefficients would be re
liable only when applied o\'er large areas. This con
\'ersely implied that transfer coefficients could only be
reliably estimated from results averaged o\,er wide
areas. For this purpose, means weighted by production
or population must be used, as simple arithmetic means
of sun'cv results obtained over wide areas where there
exist difFerent climatic and agricultural methods may
be misleading.

120. In the case of food-stuffs ohtaincd from plants,
difficulties arise because "If the variabilitv in the re
ported results of measurements of the calcium as \vell
as of the strontimn-90 content, and recent experience
has shown that contamination levels expressed in
acth'ity per unit mass of calcium are often more \'ari
able than when expressed as acti\'it)' per unit mass
of the commodity. A number of factors undoubtedly
contribute to the \'ariability, including, particularly,
errors of sampling, for the calcium contents of plants
vary according to \'ariety. local soil conditions, culti\'a
tion methods and local climate.

121. In the tropics and subtropics, soils deficient
in calcium are common.01 Though of low fertility,
thC'se soils are used for food production. From such
soils, oOSr/Ca ratios in vegetable produce may be signi
ficantly higher than would be predicted by empirical
relationships established in temperate zones. ~ever

the1ess. this C'ffC'ct is probably offset by the appreciably
lower accumulated deposit of strontium-90 in the tropi
cal zone, and, for the purposes of this report, it will
be assumed that the integrated diet le\'els will not
exceed those e,;timated for the populations living in
the northern temperate zones "'here the average
strontimn-90 deposits are. maximal.

(c) Transfer fUllctions

(i) Trallsfer coeBlciellt-deposit to diet

122. When the oOSr/Ca ratios in individual food
stuffs are known. \'alues of P ~., can be estimated by the
method described in paragraph 74.

123.•lIill.'. The \lOSr/Ca ratios in milk from areas
or countries in the northern temperate latitudes ire
5hO\\"11 in table X. There is some scatter among the
individual results, reflecting the changing patterns of
deposition rates and weather fr0111 year to year and
from place to place. Nevertheless, over a reasonably
long U\'eraging time. the effects of these variations
are largely smoothed out.

124. The value of P ~3 (milk) has been calculated
from the average annual levels shown in the last
column of table X and from the average integrated
deposit for the latitudinal band, 65 mCi knr2 (figure
13). The average milk leYCI integrated to 1967 is 137
pCi y (gCa)-l. Taking the observed level in 1967
9 pCi (gCa)-l-and assuming a mean life of strontium
90 in soil of twenty-one years, the integrated level in
milk subsequent to 1967 will be 189 pCi y (gCa)-l.
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Figl/re N. nOSr content of whole wheat grain in the north
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North America are generally lower by a factor of two
than those of Europe. Few sets of data on levels in
'wheat and the corresponding deposition cover a suffi
cient period to allow a meaningful integration. Since
using the high levels from Denmark would lead to a
conserv~tive estimate of P 2,' (wheat), and since that
country has furnished fairly complete results, the esti
mate of P 2.' (wheat) has been based on these data.
If a value of 40 pCi kg-I is takcn for each of the years
1955-1958, the cumulative levels up to 1967 are 1,050
pCi y kg-I. The level in 1967 was 34 pCi kg-I which,
with a mean life of twenty-one years for strontium-90
in soil, implies future levels integrated to infinite time
of about 700 pCi y kg-I. Thus, the total expected con
tamination in wheat is 1,750 pCi y kg-I, and this,
combined with an average deposition of 65 mCi km-z
for the latitudinal band, gives a value of P 2S (wheat)

mass basis, but no data on calcium contents were
given. Rice is milled and polishcd. and these processes
remove some of the minerals nnd, particularly, much
of the strontium-90 content. The Japanese results indi"
cate that 90 pcr cent may be rem'oved this way.

130. Japan is the only country where the levels of
strontimn-90 contamination in whcat and rice can be
compared. The rcsults show that, on a per unit mass
basis, pt)lishcd rice contains between onc-thirtieth and
one· fortieth of the amount of strontium-90 of whole
grain wheat, whilc, on a per gramme of calcium basis,
the relath'e contents vary between one-fifth and one..
tenth.

131. The reportecl strontium-90 contents of whole
grain wheat from countries in the northern temperate
zone are shown in figure 1+. The levels observed in

Consequently, the integrated level in milk over all time
due to tests carried out prior to 1963 will be 137 +189
::..~ 326 pCi y (gCa)-l, correspol\ding to PI13 (milk)
= 5 pCi y (gCa)-l per mCi km-~.

125. The above calculation is based on data from
relath'elv large but well-defined milk sheds or, in the
case of "the larger countries, on mean levels weighted
either by production or by population. Other cases,
where mean le\"els hm'e not been weighted, have been
omitted since the results are not necessarily indicative
of the milk consumed by the general population. Also
omitted from the calculations are the 005r/Ca levels
in Japanese milk which, because of the use of special
cattle feed, are not typical of the latitudinal band as a
whole.

126. The countries represented in the calculation
contribute about 58 per cent of the total European
production and 46 per cent of the total production in
the northern hemisphere. If the oOSr/Ca ratios ob
ser\"ed in the milk of ),Ioscow and the Ukrainian
Soviet Socialist Republic could be taken as reprcsenta
th'e of milk produced in the Soviet Union, the estimate
of P S3 (milk) would represent about 70 per cent of
the total milk production of the northern hemisphere.
most of which is produced in the latitudinal band
40-6()OX.

127. Similar calculations for the southern hemi
sphere are not as useful at present because the annual
deposition there in 1967 was still significant compared
with the accumulated soil deposit. Only about 10 per
cent of the world milk production comes from the
southern hemisphere, and of this about half is produced
in the band of maximum deposition (30-50 0 S) which
includes, principally, Argentina, New Zealand and the
more densely populated region of Australia. Cumula
tive levels (unweightecl means) in milk relative to the
cumulative deposit in these countries are comparable
with the corresponding levels in the middle latitudes
of the northern hemisphere, suggesting that the values
of P ss (milk ~ in the south are also comparable with
those obtained for the north.

128. Other food-stuffs. Other food-stuffs, mainly
of vegetable origin, include cereals, vegetables and
starchy roots. Since starchy roots are of minor im
portance, they will not be considered further. Rice
is the staple food of about half of the world popula
tion, anci nearly 1,000 million people rely on it for
almost all of their caloric requirements. The only sys
tematic study on rice contamination, however, is that
reported from ]apan05 where production amounts to
about 7 per cent of the world total. Rice is particularly
difficult to sample reliably bccause, being predominantly
a subsistence food crop, more than half of the world
harvest and as much as three-quarters of the harvest
in individual countries never enter markets but are
consumed on the farms where the crops are grown.

129. The result- obtained in Japan may not be
typIcal of the Far East in general. l\Iost of the rice
consumed in the \vorld is of the long-grained indica
variety, whereas in Japan it is the round or short
grained japo'llica variety that is grown, and Japanese
methods of cultivation are unique. The levels of con
tamination vary widely. In 1961, when deposition rates
were low, individual measurements in Japan varied by
a factor of two when expressed on a per unit mass
basis and by a factor of 4.5 when expresscd relative to
calcium content. In 1.963 and 1964, the range varied
by a factor of seven for levels expressed on a per unit
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Pigl/re 15. oOSr content of green vegetables and white flour
in the north temperate zone

assumed that contamination levels increased linearly
from zero at the beginning of 1954 to the earliest
recorded measurements, the data given in figure 15,
when treated by the method given in paragraph 74,
can be shown to correspond to a value of P23

(vegetables) equal to about 5 pCi y kg-1 per mCi km-2
•

The calcium contents of green vegetables are variable,
but for present purposes a value of 0.33 gCa kg-1 is
reasonable so that P 23 (vegetables) is equal to about 15
pci y (gCa)-1 per mCi km-2•

136. The values mentioned in paragraph 135, how
ever, cannot be used in other areas w~iere types of
plants consumed, soils, climate, number of crops and
harvest times are different.

137. "{if/hole diet. Tl1e assumptions underlying the
ca1cuiations above imply that the relative amounts of
strontium-90 in the different types of food observed
in 1967 will henceforth remain constant. The ratio of
90Sr/Ca in diet to that in milk in several countries in
1967 varied 1Jetween one and 1.5 (table XI). With the
above-mentioned assumptions, P 28 (diet) could be
estimated to lie between P e8 (milk) and a value one
and a half times higher, namely, between 5 and 7.5
pci y (gCa)-1 per "'nCi km-2 •

138. The transfer coefficient P e3 for total diet can
also be estimated from the Pe" factors for individual
food-stuffs and the corresponding contributions from
each food-stuff to the total calcium intake. In a typical
high-milk-type diet, these contributions are roughly
80 per cent for milk, 5 per cent for white flour and 15
per cent for vegetables. The value of P e8 (diet) can
therefore be estimated, from equation (28) and the
estimates of Pe" for the three types of food-stuffs, to be

31

1,050 It.~ = 300 pCi y kg-1
•

Thus, combining the two contributions and dividing
by the mean integrated deposition for the north tem
perate zone (65 mCi km-2 ) gives a value of P23 (white
flour) of approximately 10 pCi y kg-1 per mCi km-2,

corresponding to 50 pCi y (gCa) -1 per mCi km-2 if the
calcium content of white flour is taken to be 0.2 g
kg-1. Similar values of P23 are implied by results of
strontitul1-90 measurements in Argentina and Australia;
the quantitative assessment is, however, difficult be
cause of the relatively high rates of deposition in the
southern hemisphere during the year of observations
(1967) .

134. The levels of strontium-90 contamination of
green vegetables have been measured in a few countries
in Europe, Australia, Japan and the Soviet Union
(figure 15). However, some surveys were discontinued
before deposition rates became negligible. lVlost were
started in the early sixties, thus missing some contribu
tions from the earlier years, and all were confined to
relatively few types of vegetables. The results from
Japan and the Soviet Union are only available on a per
unit l11ass basis. Representative sampling is very difficult
because of the large number of varieties grown, the
different sizes of crops grown and harvested at various
times of the year in different countries and the variable
calcium contents of different types of vegetables.

135. Also shown in figure 15 are the levels of
strontium-90 in white flour observed in Denmark and
the Netherlands. These suggest that, when deposition
is high, green vegetables will contain much less stron
tium-90 per unit mass than white flour, although the
reverse appears to be the case when contamination is
mainly derived from the soil. It is to be expected there
fore that, in the future, levels of contamination per
unit mass will be higher in vegetables than in flour.
However, differences by a factor of three or four are
to be found between individual types of vegetable, and
the exact relationship will consequently vary with the
composition of the mixture of vegetables. If it is

= 27 pCi y kg-1 per mCi km-:l. An average \'nlue of
0.33 gCa kg-1 in wheat then gh'cs P~r. (wheat) = ~1
pei y (gCa)-t per mCi km-:l.

132. A comprehensive study of contamination in
other cereals-rye, oats and barley-is also available
from Denmark. The results imply that the value of
p~,~ is the same for the four grains when contamination
is on a per unit mass basis, whereas for oats it is about
half that for wheat, rye and barley when expressed
in terms of 005r/Ca ratios.

133. While milling remO\'es about 80 per cent of
the strontium-90 contamination acquired by direct
deposition and awout 50 per cent of the calcium, only
about two-thirds of the stable strontium are removed
by milling,fio,oo implying that the resulting decontami
nation will be less when most of the strontium-90 comes
from soil. Since milling removes two-thirds of the
stable strontium. the integrated future level in white
flour, assuming 70 per cent extraction, is

700 1/3 = 333 pCi v 1,0-1•
0.7 - ~

Similarly, since milling removes about four-fifths of the
strontium-90, the corresponding integrated level up to
1967 is



and is called the dose-increment factor.

143. Linclell defined an average dose-increment fac
tor as

111/1 11 111 11111

Al =JI 'm(lI-;lI-')dltdtt' =y J Fill (1t') dll'. (65)

o 11' 0

00 00

A J = Jf f(1t.)g(lI)m(11. 1/.')dmltt'.
o '11'

can then, after introducing assumptions (d) and (e),
be written

9 pCi y (gCa)-l per mCi km-::l, in acceptable agreement
with the estimates presented in paragraph 137.

139. Estimates of PiU (whole diet) for the high
milk-type diet are insensitive to errors in the estimates
of PS3 for cereals and vegetables. Obviously, for diets
in which milk is a less prominent comPonent, the
estimates would be more sensitive. Similarly, errors
introduced by using the simplifying assumption that
strontium-90 is depleted from the soil reservoir by an
exponential process having a mean rate constant of
4.5 per cent removal per annum cannot exceed a factor
of about two. Thus, in the case of milk, for example,
the strontium-90 levels already observed would lead
to a value of P23 equal to 2.1 pCi y (gCa)-l per
mCi km-2 (paragraph 12-1-) even if no further uptake of
the nuclide from the soil occurred. On the other hand,
if radio-active decay (about 2.5 per cent per annum)
were the sole removal process, the value of P2.1 could
not exceed 8 pCi y (gCa)-l per mCi km-2• The margin
of error is even smaller with other food-stuffs because
the fraction of the time-integrated levels obtained by
extrapolation is smaller.

140. For the purpose of this report, the value of
the transfer crcfficient P 2.~ (whole diet) for the high
milk-type diet is taken to be 9 pCi y (gCa)-l per
mCi km-2•

whcre

11-/71

Fm(1I') = J·m(II)1/.')dll)

"It'

11111- IJFm =-- F"r(u')dll'
1/111

o

(66)

(67)

(e) the dose-rate function 'Y is constant.

142. If strontium-90 levels in diet and bone are
expressed in 90SrICa ratios, it follows from the first
three assumptions that

m(lt 11') = OR a(1t') e-l~l(u-1t') (64)
) B(u) ,

where 11' is the age at time of uptake; u the age at
some later time; B (u) the mass of calcium in the
skeleton at age 11; 1~1 = k~,· + "A the rate of strontium-90
loss; and a the rate of calcium incorporation given by

(ii) Transfer coefficient-diet to tisslle

1-1-1. To estimate the transfer coefficicnt Pa.\> LindeilGS

introduced five basic assumptions:
(a) strontium is incorporated into bone at a rate

directly proportional to the rate of calcium incorpora
tion;

(b) the 90Sr/Ca ratio in new bone is proportional
to the 90Sr/Ca ratio in the diet from which it is
derived. The proportionality factor is independent
of age and, for the purposes of calculation, is taken
to be equal to the observed ratio (OR) in adults
under steady-state conditions;

(c) strontium-90 is eliminated exponentially with
a time constant independent of age;

(d) all members of the population have the same
mean life span 11", so that

(68)

B(u.") e-I, (IHt")dudu." (70)
B (u) 1 . )

so that

Since, according to equation (57), P34P45 = Al/1Im
and since y = P45) then P S4 = Fill OR. In its previous
reports, the Committee adopted values of 0.6 and 0.25
for Fill and OR, respectively, corresponding to
P 34 = 0.15. LindellGS showed that Fm is not critically
sensitive to the value of the mean life span nor to the
numerical values assigned to l~o and l~sr as long as they
are about the same order of magnitude.

144. Alternatively, if measurements of 90SrICa
ratios in human bone are available for all age groups
in the population, P 34 can be estimated directly, and
Lindell's first two assumptions can be avoided. The
strontium-90 level integrated up to some time t is

t 11",

C t = _1JrS(t')11)dudt'. (69)
1Im .

-coO
The strontitll11-90 in the bone at time t will further
contribute to the exposure so that, if it is assumed that
the nuclide is eliminated exponentially, the integrated
future levels due to the amounts ingested up to time
t will be

11", "llm

Ht =_1_ Jj'S(t)1I")
11771

o 11"

where 11" is the age at time t and 11 is the age at some
later time.

1t' > 20

0< 11' ~ 20

0< 11 < 11",

U ~ 11",)'

feu) = 1

feu) = 0

a(n') =l~oBa

a(u') = ({J(1t') (1 + l~o1t')

in which l~o is a constant, ep (It') is a gr.owth function
and Ba is the mass of calcium in the adult skeleton.
The constant A l , defiined by equation (56) as

145. It follows then that the integrated strontium-90
level in bone due to the amounts ingested through diet
up to time t is Ct + Ht. Hence,
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11 11I

TV(u") = Jzr::? C-I~/ll-U") du (74)

11"

and is called the integral weighting factor. It has been
evaluated for several values of 1\~1 in adults combined
with various excretion functions in children. The re
sults are shown in figure 16.

146. The integral weighting factors are strontium-90
bone burdens integrated over the balance of life for an
initial strontium-90 burden of 1 pCi (gCa)-l at age
1/.". The value of Ht can therefore be obtained for any
year by multiplying the appropriate integral weighting
factors by the corresponding OOSt/Ca ratios observed

Ct+Ht
P.H = C

t

wherc

t

Ct =JC(f)dt'.
-00

Equation (70) can be written

Ht = _1_J1I

1Il

S(t:t")T" (It")dlt",
1Imo

where

(71)

(72)

(73)

in bone in each age group, summing the products
o"cr thc whole population and dividing the sum by
1111I as in equation (73).

147. In practicc, the number of samples of bone
available in each yearly age group is too small, and
thcrefore average integral weighting factors are cal
culated for groups of ages. Thus, all samples from
persons twenty years of age and over are combined
to obtain a single average value for adults, and samples
from children and adolescents in the age range five
to nineteen years are similarly combined. For ages
between zero and four years, it is preferable to have
results of bone analyses for each individual year of
age, and these are available from a number of countries.

148. Values of l-J.-" have been estimated for adult
vertebrae assuming ksl' = 0.1 y-1 for this type of bone.
The reasons for choosing vertebrae rather than whole
skeleton are discussed in paragraph 159. The same
valre of "'SI' was assumed for children. Although there
is no experimental evidence to support this assumption,
the value of Ht obtained does not depend critically on
it, both because the effect of calcium accretion during
growth is large and because the integrated levels up
to twenty years of age contribute less than 2S per
cent to the integrated levels of the whole population.

149. The values of P34 for each of the years in
which data are available have been calculated for
Australian vertebrae and are tabulated, together with
the values of Gt, Ht and Ct, in table XII. From this
it can be seen that, except for the first year or two,
P 34 is, as expected, reasonably constant, the mean value
from 1961 to 1967 being 0.21. Apart from possible

I
I'
I

!

l
I
t
I

1
[
r,
II

~

L

r
I
I
\

I
I

;;;-,
3
~

~
.E
Cl.:: 10

.:2
Cl.;;;
>

e
Cl

".:s

5

Age at time of uptake ~) in years

33

..

/k' f,~ 0-'" 0,"'''' b, Flokh".."'. "''"'' '"

................'

Figure 16. Variation of integral weighting factor TF(n") in bone with age of uptake n"
and oOSr excretion rate constant

. 0 10

15

u



errors (mostly due to sampling) in the original datn,
the greatest source of uncertainty is the vnltle of the
excretion rate for str()ntium~90. In the absence of
further large-scale h'sts. it will soon hecome evident
whether the value of 0.1 y-l is n'asonabk or not, {or,
if the true "altle is greater Or less than this, then the
values of Pll~ obtained in future years will either de
crease or increase systematically.

150. A value of P.lI was also calculated for those
countries in the north temperate latitudes in which milk
contributes a large fraction of the total dietary intake
of calcium. For this purpose, the reported uOSr/Ca
ratios for each age g'rQUP were ~l\'eraged oyer all the
countries from which sufil.cient data were n\'ailable
(figure 17), and the integrated diet le\'els were obtained

from the m'erage le"els in milk of the countries in the
same geographical area (table X) multiplied by the
nveragc diet-to-milk ratio for this diet type (table XI).
The results arc shown in table XIII.

151. The mean value of P3~ equal to 0.2 thus
obtained agrees with that previously calculated from
the Australian data. The uUSr/Ca ratios measured in
"ertebrne from Poland and the Soviet Union, also
shown in figure 17, lie within the limits of variability
of those from countries in which milk is a relatively
more important dietary constituent. Despite differences
in the le\'els of dietary contamination in these two
countries, the corresponding levels of strontium-90 in
bone weighted by population and integrated to 1967
are also about the same, though the corresponding value
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of P34 would be about a factor of three lower. The
relative strontium-90 levels in adult skeletons for
countries in which bones other than vertebrae have
been sampled can be estimated from the data in figures
18 and 19. Thus, levels in tibia from Finland are very

Japan are compared with those from France and the
Soviet Union (figure 19), it can be inferred that
strontium-~JQ I(wels in skeletons from Japan tend to
he somewhat lowcr than the avernge for the latitmlinal
band as a whole.

2.0

Figure 18. oOSr/Ca ratios in long bones
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(iH) Dose-ratc fiTc/O,.

lS2. .·1dulls. The mean dose rates to acth'e bone
marrow and endostcal tissue applicable in the case
of uniform contamination of the skeleton with stron
tium-90 have becn calculated by Spiers.317 However,
in what has so far been experienced, skeletal contamina
tion in adults has been manifestly non-uniform, \lOSr/Ca
ratios in typical trabecular bone (vertebral bodies)
being mOre than three times higher than those found
in typical compact bone (femur diaphyses). Since the
dose rates to bone marrow and endosteal cells are
largely due to the strontium-90 contained in trabecular
bone, averaging the strontittll1-90 body burden through
out the whole skeleton underestimates the \lOSI/Ca
ratio and, hence, the dose.

153. The magnitude of the error introduced when
the skeleton is non-uniformly labelled can readily be
ascertained by separating the dose contributions fr0111
strontium-90 in trabecular and cortical bone and then
weighting according to the oOSr/Ca ratios in the two
bone types.

154. The results of the calculations are given in
tables XIV and XV for bone marrow and endosteal
tissues, respectively. From table XIV it is seen that
the bone-marrow dose rates arise from two separate
sources, that is, from the strontium-90 in the two bone
types, trabecular and compact, as follows:

0.369 mrad 3/-1 per pCi (~Ca)-1 in trabecular bone
0.180 mrad y-l per pCi \gCa)-1 in compact bone.

Similarly, from table XV it is seen that the dose rates
to endosteal cells are

0.6i8 mrad y-l per pCi (gCa)-1 in trabecular bone
0.206 mrad y-l per pCi (gCa)-1 in compact bone.

1£ the skeleton is uniformly labelled at 1 pCi (gCa)-I,
then the bone-marrow and endosteal-cell dose rates
are, respectively, 0.369+0.180 or 0.55 mrad y-l per
pCi (gCa)-r, and 0.678+0.206 or 0.88 mrad y-l per
pCi (gCa )-1. To the latter figure Spiel'S added a contri
bution (0.25 mrad )'-1 per pCi (gCa)-1) due to the dose
delivered to the endost~al tissues in shafts of long
bones. Since this correction was not based on direct
e:\rerimental data, it must be regarded as an arbitrary
safety factor leading to an over-estimate of the dose
rate factor.

155. For the non-uniformly labelled skeleton, it is
assumed that the oOSr/Ca ratio found in vertebral bodies
is representative of the levels in trabecular bone
throughout the skeleton, whereas that in femoral
diaphyses is representative of compact bone. From the
empirically observed normalization factors in 1967
(table VIII), the levels in vertebral bodies and
femoral diaphyses are, to one significant figure, 2 and
0.6 pei (gCa )-\ respectively, when the average oOSr/
Ca ratio in whole skeleton is 1 pCi (gCa)-I.

156. The weighted mean dose-rate constant to the
whole active bone marrow, when the average oOSr/Ca
ratio in whole skeleton is 1 pCi (gCa)-r, is then cal
culated as follows:

35

I
1968

1966

i
1966

1964

A

19621960

o I I I I I
1960 1962 1964

0.5

1.0 <) Tibia (Finland)
x Femur (United Kingdom)
A Femur shaft (Soviet Union, Moscow)
c Femur shoft (C::echoslovokia) A

~
~~A 0 ~

A"',
"x~'

-\(/

!o
~ 0.5-

1.5

~

I
'0
~ 1.0

uc..

Figure 19. OOSr/Ca ratios in adult ribs

similar to those measured in femur from the United
Kingdom and the Soviet Union (figure 18). On the
other hand, when levels of strontium-90 in ribs from



n The dose-rate factors for u'lifonn distribution of strontium
90 given here arc the samc as given in Tabla 6 of publication
11 of the International Commission on Rac1i0logical Pl·otection.

Trabecular bone
contribution=2.0 0.369=0.74 mrad v-1

Compact bone .
contribution=0.6 0.180=0.11 mrad y-1

so that, with n concentration of 1 pCi (gCa)-1 in ver
tebral bodie:>, the dose rate to the whole active marrow
is 0,43 l11rad y-1.

157. Similar arguments apply tl.' the dose to the
whole endosteal tissue (except the long'-bone-shaft
endosteum), the weighted mean tissue dose rate to
which is calculated as follows:

Trabecular bone
contribution=2.0 0.678=1.36 l11rad y-1

Compact bone
contribution=0.6 0.206=0.12 mrad y-1

Total= 1.48 mracl y-1

so that. with a concentration of 1 pCi (gCa)-1 in ver
tebral bodies. the dose rate to endosteal cells is
0.74- mrad y-1. If the long-bone-shaft endosteum con
tribution is added, the mean dose-rate factor can be
shown to be 163 l11rad T 1 per pCi (gCa)-l averaged
over the whole skeleton. or 0.82 mrad y-1 per
pCi (gCa)-l in vertebral Lodies.

158. The dose rates for the \vhole of the skeleton
and the whole of the bone marrow are then

where the non-uniform factors apply during at least
some part of the lives of those in the population who
were adults or late teenagers during the periods of
maximum fall-out levels and where the uniform factors
apply to those who were children or yet unborn at
that time. For present purposes, however, the dose
rate factors for uniform distribution can be applied
without serious error throughout the period for which
the dose commitment is calculated.

159. There are, however, several advantages to
using strontium-90 levels in vertebral bodies for cal
culating the dose commitment. Vertebral bodies are a
convenient source of autoptic bone material and have
been widely used in a number of countries. As discussed
earlier, there is uncertainty about the values of nor
malization factors and, particularly, about their future
time course. Applying dose-rate factors for vertebral
bodies makes it possible to use most of the data directly
without multiplying the results by factors that tend to
be arbitrary, that may vary with time and that require
further assumptions. According to data given by Spiel'S,
vertebral bodies contain more than 40 per cent of the
active bone marrow in adults and nearlv the same
fraction of endosteal cells. Thus, vertebral' bodies con
tain a larger fraction of the critical tissues than any
other group of bones, although the largest fractional
dose-rate contribution comes from the flat bones-

"

'\

pelvis, clavicles and scapulae-which, however, have
not been \lsed in bone survevs. The dose-rate con
tribution of vertebrae is only'slightly less, and these
two types of bone togetlwl' contribute 60 per cent of
the total dose rates to bone marrow und endos.eum.

160. Stl'onthun-90 is assumed to be uniformly dis
tributed in the skeletons of children und adolescents
so that, in the past, normalization factors have been
applied only to measurements obtained from bones ot
persons more than twenty years of age. This has meant
that average OUSt/Ca ratios for whole skeletons have
shown a sharp discontinuity at age twenty which is
not plausible on physiological grounds. The use of
1l0Sr/Ca ratios in adult vertebrul bodies largely removes
the discontinuity in a rational ,,·ay.

161. CidldrclI. Spiel'S has applkd methods similar
to those uscd for adults to calculate dose-rute factors
for children. Howcver, the experimental material avail
able to him was very much smaller, consisting only of
a vertebra and a femur from a five-year-olcl child.

162. The dose-rate factor calculated by Spiel'S for
bonc marrow in a five-year-old child is 0.82 mrad y-1
per pCi (gCa)-l, or about 1.5 times the corrcsponding
value for adults with uniformly labelled skeleton. It is
not known how this value changes for other ages be
tw~en birth and twenty years of age. No corresponding
estImate of the dose-rute factor for endosteal cells in
children is given. However, when estimating the dose
commitment of the whole population, the value of the
dose-rate functions for adults can, with little error, be
taken to be constant with age.

2. C(1esium-137

163. The dose commitment from ingested
caesium-137 is easier to estimate than is that from
strontium-90, because caesium-137 can, for dosimetric
purposes, be considered to be distributed uniformly in
the body and because it is excreted rapidly. In con
trast to strontium-90, the long-term uptake of
caesium-137 into diet from soil in temperate regions
is generally less important than direct deposition on
vegetation. The total dietary intake of caesium-137
can be estimated more reliably therefore from directly
measured levels, since only a relatively small allow
ance for long-term uptake is necessary.

164. Caesium-137 and strontium-90 produced by
twc1ear explosions in the atmosphere are transported
to the earth's surface without fractionation, as shown by
the relative uniformity of the observed 137Cs/OOSr
ratios in air and deposit,12, 13, 3·1-30, 101

(a) Caesium-137 in food chains

165. The main dietary sources of caesium-137 are
milk, meat, vegetables mid cereals.04 In some regions,
fish fl:om inland lakes is locally important,102,310 In
general, however, levels tend to be highest in meat and
cereals ancI lowest in vegetables.10:! Direct comparison
of intakes between different regions thus requires ob
servations on representative diets (table IV).

166. \iVithin areas with reasonably uniform deposi
tion and with similar soil types, levels in different
food-stuffs are fairly closely correlated.oo• 10'l :Mea
5urements on a single item can therefore be used to
detect regions where large deviations from normal may
occur. Milk is convenient for this purpose, as repre
sentative samples can be obtained easily and analysis

0.85 mrad )"1-

Elldostcal tissllc
0.82 mrad y-1 per

pCi (gCa)-l in
vertebral bodies

1.13 mrad y-1 per
pCi (gCa)-l in
any bone,

Total=

Bouc nun'o;:u
0.43 mrad y-1 per

pCi (gCa)-1 in
vertebral bodies

0.55 mrad y-1 per
pCi (gCa)-l in
any bone

(a) NOJl-llHiform.

(b) Uniforllln ....

,
'I
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is simple. A largc number of milk analyses fr0111 clif
ferent regions have been reported (table Ill).

167. \Vhen allowance is made for differcnces in
depositio:'l, levels of caeshull-137 in diet and milk as a
rule vary by relatively small amounts between those
regions from which data have been available. Observa
tions from regions with non-western diets are, how
ever, scarce, and no definite conclusions can he drawn
about average levels in these areas.

168. Exceptionally high values have been observed
in reindeer and caribou meat in subarctic regions. The
special conditions in these regions are discussed sepa
rately in paragraphs 191 and 192. High milk concen
trations have also been observed in other areas
(paragraph 30) where the higher uptake seems mainly
to be due to predominance of soils low in micaceous
clay and exchangeable potassium so that pastures are
poor and/m" high in organic matter. In addition, high
precipitation may in some cases (for example, in moun
tainous areas) result in enhanced caesium-137 deposi
tion and uptake. 'J'racer experiments indicate that up
take of caesium-137 from red, lateritic and alluvial
soils common in the tropics and subtropics is consider
ably hi~her than uptake from the clay soils of tem
perate reg-ions, but no measurements in local food
products or people in the tropics are available.64 . 105

(b) Transfer from deposit to diet

169. The transfer of caesium-137 to diet is normally
characterized by high uptake during the first years after
deposition and by a relatively small uptake subse
quently.64 No quantitative description of the transfer
from deposit to whole diet has so far been attempted.
However in its 1964 report, the Committee accepted
that the 'transfer to milk could be described by the
following equation originally applied to British data by
Bartlett and Mercer :106

C(t) = P',.F,·(f) + P'2a [F,.(t-1) +Fdt-2)] , (75)

where C(t) denotes the caesium-137 concentration in
milk, F,.(t) the mean deposition rate in year f, and
P'r and P'2a are constants determined empirically from
observed levels. Equation (75) gives a transfer coeffi
cient P 2,1=P',,+2P'2a and corresponds to a transfer
function (paragraph (6) with f{ (0) = p',., K (1) =
K(2) = P'2a and K (u) > 2 = O. The uptake after more
than two years is thus formally neglected.

170. More elaborate models have been used to
describe the relationship between levels in deposition
and in milk by Bartlett and Russell10i, 108 and by
others.104 In these models, the long-term component
has explicitly been taken into account by assuming
K (It) ;::: 2 = Pae-II

/
1
'1!t, where Pa i,; a constant derived

from tracer experiments.

171. Milk levels show a pronounced yearly cycle
depending on deposition rates and agricultural prac
tice, but the yearly mean level is representative of
the dietary intake in that year. Meat and grain prod
ucts, which provide about half of the caesium-137 intake
in western-type diet, are often stored and may thus be
representative of an earlier fall-out situation. The rela
tive contributions of different types of food-stuffs con
sumed therefore vary with deposition rates, even though

-~ ... ~--~

at production level they remain unchanged in any I
given year. If the dietary Icvels are integrated over
a number of years, the effect CIf such variations cancel I
out, but there may remain a long-term change in the
proportions by which different types of food con-
tribute to diet, if there is a real difference in the soil
uptake between plants.

172. If observations on dietar\" levels are available
for most of the deposition period," P!!3 can be cstimated
directly by means of the relation

f Cl.)

J C(T)dT JC'(T)dT

P -Cl.) t (76)
!!3 = pet) + F(f)

where C' is the part of the dietary level due to deposi
tion before time t. The first term to the right will be
called P.~3(t). Observations on total diet are nowhere
available for tlle whole period of interest, but they can
he inferred f1"Om observations on body content, as the
integrated body content over a reasonably long time
is directly proportional to the dietary intake (para
graph 182). For example, Gustafsson and Miller1oo, :n6
give the integrated dietary intake of caesium-137 for the
years 1961-1967 in the Chicago area as 180 pCi y
(gK)-l. The total uptake can then be estimated by
multiplying this value by the ratio between the inte
grated body levels in the years 1953-1967 and the
levels in the period 1961-1967, giving 275 pCi y (gK)-l.
The total mean deposition of caesium-137 in Chicago
up to 1967 was about 85 mCi km-2, and thus
P2.1(1967) = 3.25 pCi y (gI{)-l per mCi km-2•

173. To estimate the second term to the right of
equation (76), some assumptions regarding the long
term uptake must be made. It is generally assumed
that the dietary level caused by a given deposit de
creases with time at least at a rate corresponding to
the radio-active decay. An upper limit to the value is
thus obtained by multiplying C(67) by the radio
active mean life Till which, with the Chicago data, gives
a value of 4.4 for the second term so that P23 = 7.65
pCi (gK)-l per mCi km-2 •

174. Since a considerable part of the 1967 dietary
levels was due to uptake from caesium-137 deposited in
the years 1965-1967, this method over-estimates the
second term. In the following paragraphs, an estimate
of the proportion of the dietary level in 1967 resulting
from deposition in 1965 and earlier will be made, tak-
ing into account the special deposition pattern during
the years 1964-1967. The integrated dietary level due
to deposition before 1965 can then be obtained by
extrapolating this proportion. As the cumulative deposit
increased very little during the period 1965-1967, this
extrapolated term can be used as an estimate of

175. The ratio between the dietary levels 1I1 1966
and 1967 can be written

tJ

C(66) _ L(66) + K(2) F,.(64) + K(l) F,.(65) + K(O) F,.(66)
C(67) - L(67) + K(2) Fr(65) +K(l) Fr(66) +K(O) F,.(67) ,
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this ratio can be estimated for different regions in the
northern hemisphere, using, for example, milk data
and the method indicated in paragraphs 172 to 174.
This method has the advantage that information on
local deposition is not required.

co

f C'(r)dr

P2.~
-co

(80)
Ps.d t) tI C(r)dr

-co

where L(66) is the uptake in 1966 due to deposition
in 1963 and earlier and L(6i) the uptake in 1967 from
deposition in 1964 and earlier. It will be assumed
that these terms are directly proportional to the cumu
lath'e deposit in 1963 and 1964, respectively. The annual
deposit in the northern hemisphere decreased by about
SO per cent per yearllO from 1964 to 1967. The fact
that

.,

t1 -\- u t

f Q(r)dr

(d) Transfer from diet to body

182. The short residence time of caesIum 111 the
human hody (Tf/ m) implies that the ratio between
integrated body content and total dietary intake over
some extended period of time (more than, say, two
years) will be a good estimate of the transfer co
efficient P31) that is,

varies between less than fifty and more than 200 days
and seems to depend on body weight, sex and dietary
habits,111, 112 Even within a relatively homogeneous
group, the variability in half-life is considerable.113

The half-life in children is shorter than in adults and
is of the order of ten days for new-horn infants.lOo
Based on published data, McCraw1H gave the empirical
equation T~~ = 12.8 (1/.% -\- a-It) days, where '/I is agc
in years. There has been some indication that a small
part of caesium might be fixed in bone with long
residence time.,lOlI but no quantitative .ohsen·ations
have been reported.

179. The average body content of cacsium-137 in a
population at a given time varies with individual values
of the biological half-life and with dietary habits. The
observed caesium-137 levels (in pCi (gl()-1 are 20-30
per cent lower in women than in men.11ti•nll Levels in
children are, as a rule, lower than in adults. lOu• 116, 11 'i

For estimating the close commitment, it will be
assumed that the caesium-137 level (in pCi (gI() -1)
in children is the same as in adults, an assumption
which probably results in a small over-estimate of the
population average.

180. Although the 1110St accurate detenninations of
caesium-137 body burdens are by whole-hody counting,
this method has limitations, as most body counters are
immobile. For that reason, measurements on human
blood, urine, etc. may serve as a useful supplement to
whole-body counting in regions where representative
whole-body measurements are not feasible. Such
methods also make it possible to use pooled samples
from Lt large number of individuals, and this may be
important in regions where there is reason to suspect
large variations due to unknown ecologir.al factors.

181. The relation between caesiu1l1-137 concentra
tion in blood and body burden has been studied by
Yamagata120 who has also made an extensive survey
of body burdens using blooe! samples.1:!1.1:!:! Recently
a study by Jaakkola et al.1:!:l has shown a very gl)od
correlation between body burden expressed in nCi
(gK)-t and blood concentration and a much poorer
correlation with caesium-137 concentrations in twenty
four-hour urine samples. The results indicate, however,
that pooled urine samples frol11 at least twenty in
dividuals give a reasonable estimate of the average
body burden. These results are confirmed by similar
investigations made by Ramzaev et at.Uti The caesiu1l1
137 concentration in human hair has also been found
to be well correlated with body content.I:!Il.:\lS

(78)
1',.(66)
1',.(67)

1',.(65)
"'"1',.(66)

F,.(64 )
1',.(65) "'"

implies that

C(66) 1',l63) -\- Id1',.(6-1-) -\- 1',.(65) -\- 1',.(66)]
C(67) 1',1(64) -\- 1.'[1',.(65) -\- 1',.(66) -\- 1',.(67))'

(79)
where IJ is a constant retlecting the rate of uptake from
comparatively fresh deposit. In order to avoid the lag
effects discussed in paragraph 171, milk rather than
total diet was chosen to estimate 1.'.

176. \\Then the pertinent deposition and milk data
for the United States are inserted in equation (79),
it is found that IJ = 33, implying that somewhat
less than 20 per cent of the milk level in 1967 was
due to deposition before 1965. The future dietary con
tent due to deposition before 1965 can thus be estimated
as 0.2 C(67) T,", where T/,,, is the effecth'e mean
residence time in soil. The sum of this term and the
observed integrated dietary content up to 1967 gives
an over-estimate of the total integrated dietary content
due to deposition before 1965, as the effect on diet
during the years 1965-1967 from deposition in this
period is included. As the integrated deposit increased
very little between 1965 and 1967, this over-estimate
is small, however. P 2.~ is obtained by dividing the total
integrated dietary content thus obtained by the in
tegrated deposit at the end of 1964. The pessimistic
assumption that Till is equal to the radio-active mean
life (forty-four years) gives an estimate of P 23 =4.1
pCi y (gl{)-1 per mCi km-2•

177. A fairly large number of observations on the
body content of caesium-137 are available, and the dose
commitment call then be estimated, without knowledge
of P 2 .1, from the ratio P2.1/PJdtJ (paragraphs 172 and
186). Since

1
I
I
I

(c) Metabolism of caesium-137 in the body

178. Caesium-137 ingested by man is rapidly dis
tributed in the body, about 80 per cent being deposited
in muscle and 8 per cent in bone.l°o About 10 per cent
is rapidly excreted, and the remainder is excreted at
a slower constant rate. The observed half-life in adults

-co t1P.l\ =----- -'-----
co t1 -\- u t

f C(r)dr I C(r)dr

-co tl

when ut;?: 2 y.

(81)
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186. j\ more direct estimate of P2,n can be obtained
from

Q(t) = P" F,.(t) + P2C (1',.(t -1) + F,.(t - 2)). (83)

where P,. and P 2" were empirical constants. This
eqnation is analogous to equation (75) and

which is consistent with the value obtained by multi
plying P 2.1, as given in paragraph 176 by P 34 as
obtained in paragraph 183.

188. A study of the variation of P23~ in different
parts of the northern hemisphere can be made by
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(f) SI/baretic regions

191. Caesium-137 levels in the food-stuffs produced
in subarctic regions are generally higher than those
expected from the amounts of the nuclide deposited
per unit area and are especially high in reindeer and
caribou meat, as well as in fish from lakes with water
low in mineral content.l::!o The body burdens of cae
sium-137 in individuals eating large quantities of rein
deer or caribou meat are more than ten times higher
than the local population average,130'132 as shown in
table VI.

192. Levels of caesium-137 in reindeer and caribou
are high because the. lichens, which are an important
food for these animals during winter, effectively entrap
and retain a substantial proportion of the deposit falling
onto them. The apparent half-life of caesium-137 in
lichens due to grazing and leaching varies from 2.5 to
fifteen yearsUl3.13u so that estimates of the dose commit
ment for these regions are uncertain. Miettinen and
Rahola131 have calculated average integrated body
burdens of about 30 nCi y (gK)-l for Finnish Lapps
(reindeer breeders) during the years 1961-1968. As
suming an apparent half-life of between 2.5 and fifteen
years, the long-term contribution after 1968 is from
12 to 75 nCi y (gK)-l. Thus, the total integrated body

P4'; = 18 f-lrad y-l per pCi (gK)-l (87)

which, combined with the estimate of P 23~ from the
United States data, gives

P2J~5 = P2.l~P~5 = 0.20 mrad per mCi 1,,11-2. (8~)

(e) Dose-rate factor

190. According to S!)iers,loo a caesium-137 body
content of 1 pCi (gI<:)-l gives a dose rate of 18 p.rad
y-1 for a man weighing 70 kilogrammes and 15 f-lrad
y-l for a child weighing 8 kilogrammes. If the caesium
137 body content is expressed as pCi (gK)-\ the dose
rate function g(n) is thus approximately independent
of age, and it will be assumed that

comparing integrated body burdens. As, in the north
ern hemisphere, the deposition rates have varied fairly
uniformly with time and as body burdens up to 1967
have mainly been due to short-term uptake, the ratios
hetween body burdt'ns in different parts of the hemi
sphere in the same time periods should be directly pro
portional to F(6i) P23,.(67).

189. Body burdens in different regions and ratios
relative to Gustafsson's and :Miller's values are given
in table VI from which it is seen that, with the ex
ception of the regions discussed in paragraph j 68, the
ratios in the northern hemisphere lie between one and
two with most values around 1.5, the only exception
being Japan with a value of 0.6. It is notable that
the ratios in northern Europe tend to increase at the
end of the period, indicating that the long-term con
tribution is somewhat higher tban in the United States.
This increase is modest, however, and it seemS rea
sonable to assume that the bng-term contribution
after 1967 is of the order of 25 per cent of the total,
as in the United States. Studies of the diC'tarv intake
in the different parts of the Soviet Union l2i• l::!S incli
cate that the levels in the Moscow and Leningrad
areas, from which body burdens have been reported,
are reasonably well representative of the entire Soviet
·Cnioll.

(84)

(82)

t

.f Q(r)dr

00

.f Q(r)d.

and is thus expressed in units of time. Since fractional
intake is close to one,71 P 3.\ is close to the mean resi
dence time in the bocIy. Taking the total content of potas
shu11 in the body as 140 grammes and a yearly intake of
1,400 gram111e~, and using the same data as in the pre
vions paragraph, the valnes of P 3.~ then become 0.27 and
0.31 year for the United States and Denmark, re
spectively, corresponding to a mean biological residence
time of about 100 days. The value of the transfer
coefficient thus obtained differs from that obtained in
the previons paragraph by the ratio of the potassium
body content to the potassium yearly intake or by
approximately 0.1 y-l.

185. 'Vhen observations on total deposit and in
tegrated body burdens are available, numerical
estimates of the factors P 2.1 and P,1~ are not necessary
if the body can be assumed to be in equilibrium with
the diet, as in that case the dietary step can be by
passed ancI the deposit linked to body burden by means
of a transfer coef-ficient P 231,. In the Committee's 1964
and 1966 reports, P 2.l', was estimated from the follow
ing eqnation relating body burcIen and deposit:

P -00 P 23 -00 (85)
28~ = F(oo) P 2•1(t) F(t)

187. The United States data discussed in para
graphs 172 to 175 give, as a conservative estimate,

P
4.1 744

w, = 3.25 ~ = 11 pCi y (gK)-l per mCi km-2,

(86)

183. The ~~efficient P 34 can be estimated directly,.
using data from thc Unitcd StateslOS, 100 and Den
murk.I2.1 Expressed in picocuries of caesiml1-137 per
grammc of potassium, the integrated body content of
adults in the United States during t:1e years 1961-1967
was 500 pCi y (g-I()-l ancI the corresponding dietary
intuke 180 pCi y (gK)-l so that P:I~ == 2.8. For Den
mark, the integrated body content during the years
196,-1967 was 533 pCi y (gK)-l and the dietary intake
18: I '"'i y (gK)-l, giving P.14 == 2.9. In this case, P 34
can De regarded as dimensionless.

184. Alternatively, body contents and dietary intakes
can be expressed in terms of total activity. Because
the integrated body content, when so expressed, is
equal to the total dietary intake multiplied by the frac
tional intake f 1 and by the caesium-137 mfan iifc in the
body T"m>

u



burden should be from 40 to 100 nCi y (gK)-t, or
about 100 times the :werage for the northel'l1 hemisphere.

3. B.rtC'l'Iwl racUalion

193. The. exposure from gamma-emitting nuclides
deposited on the ground was discussed extensively in
the Committee's 1962 and 1966 reports, and the methods
used earlier for estimating the corresponding dose
commitmellt are still valid.

19·1-. Theoretical and experimental studies on the
transmission of gamma radiation from radio-active
deposits make it possible to calculate the resulting- air
dose. prodded the properties of the ground and the
distribution of radio-actidty in the top byer are
known.t3G.l:1O However, as this information is largely
unavailable. estimated air doses are only :tpproximt\te.
Xo new data regarding shielding by buildings and
screening by the human body warrant any change in
the Committee's earlier estimatcHO of a combined shield
ing and ~creening fnctor of 0.2.

195. The effect of the. radio-acth'ity distribution in
the top la~'er on the dose-rate conversion factor has
been aS3essed for the case in which the activity de
creases exponl'ntially with depth.l:li"·wo \\'hen the re
laxation length I (which corresponds to the depth at
which the acth'ity has decreased by a factor of c)
increases from zero (i.e., pbne source) the dose-rate
factor initially decreases rapidly but subsequently rather
slowlY. \Vhen I increases from 1 to 3 centimetres, the
dose-~'ate factor for caesimll-137 decrr.ases from 60 to
40 per cent of the plane-source value.'3i" From such
calculations and studies of the actual distribution,H1, 1-12

it can be. decluced that ground roughness and \veathering
result in a reduction factor of from one to 0.3 as com
pared to a plane source.

196. As the short-lived nuclides deliver most of their
dose contribution within a relatively short period of
time. no recluction factor for soil penetration is required.
As regarcls caesiul1l-13?, the main close contribution
occurs after the nuclide has penetrated into the soil.
In order to take account of this, a soil shielding factor
is applied for caesium-137. The. value of this factor is
taken to be 0.5. The dose-rate factors giYen by Beck13s

are used (table XVI). The largest contribution to the
close commitment from external radiation comes from cae
sium-137. As the l3i"CsjOoSr ratios in deposit are fairly
constant, the caesium-137 external dose commitment
can he estimated from either caesium-137 or s~ron·

tium-90 deposition data.
197. ::\1easurements of air doses due to deposit from

nuclear explosions have been r,~ported from ]apan,14:l. 1-14

the United Kingdom143 anCt SwedenYP The yearly
mean exposures, ranging from 4 to 12 11>:': oentgens in
Japan, from 4 to 6 milliroentgens in the Ul:,~d Kingclom
and from G to 9 milliroentgens in Swed-:n, have. not
varied "1ppreciably between 1965 and 1967. In Japan,
comparatively high exposures were observed during the
period December 1966-January 1967, presumably due
to fresh debris from tests in central Asia.

198. Estimates of external closes based on deposit
measurements have been reported from Argentina15 and
Australiap-lo In Argentina, doses to gonads and bone
marrow from short-lived nuclides deposited after the
1966, 1967 and 1968 tests in the sottth Pacific were
estimated to have been 4.9, 0.9 and 1.3 millirads,
respectively. In Australia, the corresponding doses were
well below 1 millirad.
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199, White dcp~'sition of shortcl'-livcd nuclides dur
ing the ycm's 1965-1967 was all due to tests carried
out in that 11criod. that of the longcr-lived nuclides
includcd a contribution from earlier tcsts which cannot
easily be isolatcd and which havc alrcady been included
in the ~stimatc of the. cxternal dose commitment given in
the 1966 rcport. The Committee estimates that the
external global dose commitment duc to short-lived
nuclidcs from tests between 1965 and 19Gi is, at most,
2 per ccnt o~ thc cxternal dose c0mmitmcnt from tests
up to 1t)(i·k

4, Carboll-H

200. Because carbon-14 circulates in llatll1'e and its
radio-active half-life is long compared with that of the
other long-livcd l1uclides. strontium-90 and caesium-137,
thc dose from carhon-14 will be reccived over a very
much longer period of time. It is therefore convcnient
to consider the dose commitmcnt due to carbon-14 in
two ways, namely, the total dose commitment itself
and that fraction of it which will be delivered up to
the year 2000, whcn most of the dose commitment
from the other long-livcd nuclides will have been de
livered. It is the numerical value of the latter fraction
which is usually added to the dose commitments due
to the other nuclides to obtain the over-all dose com
mitment from weapons tests so far carried .JUt, but it
must Le remembered that there will be a :1!l'ther, and
larger, contribution from carbon-l4- which will be
dclh'ered after the year 2000.

201. :Most of the carbon-14 produced by nuclear
explosions has been injected into the stratosphere where
natll1'ally produced carbon-14 also originiltcs. Transport
processes are thus essentially irlentical for natural and
artificially produced carbon-14. If it is assumed that
present levels of natural carbon-14 on earth reflect a
steadv-state condition and that the carbon balance will
not change appreciably in the future, it is possible to
estimate the dose commitment without any specific
assul11ptions regarding transport processes, population
structll1'e, etc. by means of the expression

(89)

where "/0 is the dose rate due to natural carbon-14, B
is the production rate of natural carbon-14 and ~V is
the amount of artificially produced carbon-14.oT

202. The exchange processes determining the bio
spheric levels are characterized by a rapicl exchange
with time constant,; of the order of a few years at 1110st
between different parts of the atmosphere, biosphere
and ocean-surface layer. The transfer into deep ocean
and hUl11uf: is a slower process with time constants of
the orcler of tens of years, and the back-transfer to the
atmosphere is still slower with time constants of many
hUlld"ecls of years.l4 i • 1-18 After a few years, the at
mosphe~ic and biospheric levels due to an atmospheric
injection will thus decrease at a rate mainly dete.rmined
by the transfer to deep ocean and humus, and the effect
of a back-transport will be quite small, at least during
the first fifty years. This is the situation obtaining now,
since. no significant adclitions to the artificial carbon-14
inventory have been made since 1962.

203. Quantitative studies of the transfer processes
usually rely on compartment models with first-orcler
kinetics. Complicated models have been applied,149-151
but, for the purpose of estimating the dose commitment
up to the year 2000, a model with four compartments



is sufficient: (a) stratosphere j (b) troposphere and
bio'lphere j (c) ocean-surface layer j and (d) deep ocean
and Iml11us.1li2 The errors introduced by using this
simplified model are small compared to the errors due
to uncertainties in estimates of the exchange coefficients.

204. The. exchange of artificially produced carbon-14
between different parts of atmosphere and the oceans
has recently been studied by Nydal,Hll who estimated
the stratosphere-troposphere. exchange coefficient to be
0.5 y-1, in agreement with earlier estimatesYi2 He
fmther found a mean residence time of four years in
the troposphere, a value also obtained by Young and
FairhallYiO From estimates of the net production rate
of carbon in land plantsym it can be concluded that
the largest part of the carbon dioxide in the atmosphere
is taken up by the oceans.

205. Estimates of the rate of uptake by deep ocean
and humus are, at present, mainly based on observa
tions of the natural carbon-14 balance.Hi,H8 The ex
change coefficients thus derh'ed refer to well mixed
compartments, and it cannot be assumed that they are
quantitatively applicable in the present connexion.

206. \Vhen the. exchange coefficients disc!1:>sed in
paragraphs 203 to 205 are applied to the tom-com
partment model, it follows that an injection of 102i
atoms of carbon-14 in the stratosphere leads to a con
centration in the troposphere (expressed in per cent
of the. natural level) of

let) =0.16 a-o.OOOl2t +1.96 a-O.029t

+ 2.8+ a-O. Bst - 4.96 ero. Gst , (90)

where t is the time after injection in years. The first
term allows for radio-active decay. The time constants
in the last two terms of this expression are mainly
detC1'mined by the rapid exchange processes in at
mosphere, biosphere and ocean-surface layer, whereas
the time constant in the second term to the right is
determined by the. slower processes discussed in para
graph 205.

207. By the end of 1967, no major atmospheric in
jections of carbon-14 had occurred in four years. It is
found from equation (90) that the second term to the
right represents about 80 per cent of let) when t is
between four and forty years, and the approximate in
tegrated tropospheric level for the years 1968-2000 is,
therefore, obtained by assuming that C(t) decays with
a time constant 0.029 y-1 in this period. Thus,

2000 32f l(t)dt""", C(19l'.,') f e-O. 029t dt = 21l(1967) (91)

1968 0

208. As 'was pointed out in paragraph 205, the
exchange coefficients determining the time constant
0.029 are tentative. The integrated tropospheric level 1S,
howevet, not very sensitive to the value of the time
constant. If its true value is in the range 0.01-0.06,
it is found that

2000f l(t)dt = (20 -I- 7) C(1967). (92)

1968

209. The integrated tropospheric concentrations up
to 1967, inclusive, can be estimated from data sum
marized in the Committee's 1964 reportlii2 and by
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Nydal1411 (figure 20) to be 510 and 390 per cent year
of natural carb(Jn-14 in the northern and southern
hemispheres, respectively. In both hemispheres, the
concentratio~,lS in 1967 were about 65 per cent of the
natural level. Thus, the integrated level up to the year
2000 is estimated to be about 510 + 21 X 65 = 1,875
in the northern hemisphere and 1,750 in the southern
hemispllt're, or about 1,800 per cent year of carbon-14
globally.

210. As the exchange between tropospheric air, food
producing plants and land animals is rapid, human body
levels have followed tropospheric levels with a delay of
one to two years,HH, ltju :Measurements on human blood
and hair indicate that equilibrium has been virtually
established since 1965HiO (figure 8), and it can thus be
assumed that the integrated body burden up to the
year 2000 is the same as the integrated tropospheric
content. The dose commitment up to the year 2000 is
thus obtained from equation (92) by multiplying by
the dose-rate constant ,0.

211. The dose rate due to the natural carbon-14
produced per year is 0.7 mrad y-1 in bone marrow and
soft tissue an.d 0.9 mrad y-l in cells lining bone sur
faces. loo

5. Iodillc-131

212. Iodine-131 has a short radio-active half-life
so that its presence in the biosphere is important only
during the first few months immediately following a
nuclear explosion. This means that appreciable mixing
does not occur before deposition and that the actual
fall-out pattern depends very much on the weather
during the first week or so following the explosion.
Because deposition patterns are so variable and unpre
dictable, doses can only be calculated if the levels of
the nuclide in food are measured directly or if the local
transfer coefficients and deposit are known. Since these
are often not available from large areas of the world,
it is not possible to estimate dose commitments on
the global scale but only those to local groups of persons
whose food supplies have been adequately monitored.

213. If dose commitments are l'(.~.quired, it is essential
to have ready a monitoring systenl "whereby representa
tive dietary samples can be obtained and analyzed
rapidly. In those areas where milk is a major dietary
componen~, it has been found that, within a specified
region, there is usually a strong correlation between
the concentration of barium-140 in ground-level air
and iodine-131 concentration in milk. Since it is com
paratively simple to obtain air samples, such a measure
ment can be used to trigger full milk sampling systems.

(a) Iodine-131 ht food chains

214. Vlhere it is a maj or dietary I:omponent, milk
dominates as a source of iodine-131 ingestion. In areas
where little milk is consumed, the main source of
iodine-131 intake is probably vegetables.64,213 Once
deposited on grass, iodine is removed by various pro
cesses such as cropping, leaching and volatilization.
Several studies have indicated an effective llalf-life of
three to six days.15i The efficie11cy of transfer from
grass to milk depends on many factors associated with
local farm practices. During winter, transfer will ob
viously be negligible in areas where cows eat stored
feed. Breed of herd, season, density of herbage and milk
yield may affect the transfer appreciably.64. lii8. HiO
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(b) Metabolism of ·iodillc-131 ill thc bod')'

215. Iodine-131 is concentrated in the human thyroid
which receives a close many orders of magnitude grC<1.ter
than any other organ.IOO For a given dietary intake, the
resulting dose to the thyroid is at least ten times higher
in si::-month-olcl infants than in adults, although the
total iodine-131 content of the thvroid is about the
same.lliO·tll:l .

(c) Dose-rate factor

216. In the Committee's 1964 report, tu:; it was
estimated that an integrated milk level of nCi d 1-[
results in a thyroid dose of 11.5 millirads to children
one to two years of age, in close agreement with later
estimates. Corresponding mean doses for individuals
in age g"I'OUPS zero to ten, ten to twenty and twenty to
seventy years of age are, according' to ~eill's and
Rohinson's data,lli:l Cd, 2.5 and 0.7 millirads, respec
tively.

6. Other lIuclides

217. Relatively large amounts of iron-55 were pro
duced in the nuclear test series during 1961 and 1962.
As iron is readily transferred in the biosphere and
taken up by man, relatively high activity levels have
been observed in the subsequent years. A number of
investigations on iron-55 in food chains and in man
have been repol'ted.Hl'I-170 Although the body bttrdens
are comparable to those. of caesium-137, the resulting
dose rates are far smaller since the dose-rate factor
for iron-55 is quite smal1.1liCi
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218. Studies on other nuclides produced by nuclear
explosions, such as sodium-22, manganese-54, kryp
ton-SS, plutonium-239, and tritium, indicate that the
internal dose commitments dtie to these nuclides are
of minor importancc.17t~1j.[

D. DOSE CO:\LMIT;\lENTS FROJ,r EXTERNAL AND
INTERXAL CONTAi\UXATlON

1. Introduction

219. For the pttrpose of estimating dose commit
ments, particularly fr0111 internally deposited caesium
137 and strontium-90, the world population is divided
into three groups:

1(a.). Populatiolls lit'ing in regiolls from which a
rclati'l.'c!Y lar.qe a1l/0ullt of data OJ/, cOlltamillatioJl. by
these lOlly-lived lIuelides is available alld where
trallsfer !Jroccsses arc sn.oieientl'Jl well1fnderstood to
make possible reasonably j'cliable predictions of future
letlels. The regions included are those iu which the
principal source of caesium-137 and strontium-90 in
the cli~t is clairy produce, such as weskrn Europe
and North America in the north temperate zone and
Argentina, Australia and New Zealand in the tem
perate zone of the southern hemisphere.

I (b). Populatiolls living in 'l'e.r;ions ·in the northern
te1ll!'crate ::one fr01ll which a 1'elati'l.lcl:y large all/oullt
of em'iroll/llcn/al data ·is also available but 'lCJhcre some
transfer !'rocesses arc different from those in I (a).
The~e regions include parts of the Soviet Union and
other areas of eastern Europe in which the principal
source of caesiu1l1-137 and strontit1111-90 in diet are
whole wheat ancl rye. This group also includes the

•



4. Dose com/llilmcllls to jlopulalioJls of group I (b)
and group 11

231. Although, cluring the pe.riod up to 1968, levels
of strontium-90 and caesium-137 in diets of eastern
Europe (as represented by the Soviet Union and

(ii) Cacsiulll-137

225. SinCe P2•Q P45 = 0.2 mrad per mCi km-:l
(paragraph 190),

])/.( 00) = 21mrad in the northern hemispherc

= -I- mrad in the southern hemisphere

(ii) Short-livcd 1111clides

230. The external close commitment from short-lived
nuclides is taken to be equal to that from caesium-I37
as found in the 1966 report. The Committee recognizes
that this is an approximation that may over-estimate
the dose commitment from this source.

!
Ii

\(93)
650

Dp ( 00) = '}'o 2.6 .

(b) Er!cI'Jwl dosc eO/lIlIlitments

(i) Caesilllll-13i

229. From table XVI, the air-dose-rate conversion
factor for caesium-137 is 0.0-1- mracl y-1 per mCi km-:l
so that, taking a mean life of caesium-137 of forty-four
years and, as in the. 1966 report, a shielding factor
equal to 0.2, the dose-rate factor is 0.35 mrad per
mCi km-:! to gonads, bone marrow and cells lining bone
surfaces. The corresponding dose commitments are 36
ancl 5 :l1illiracls in the northern ancl southern temperate
zones, respectively.

Since '}'a eljuals 0.7 mrad y-1 in bone marrow anel soft
tissues <lnd 0.9 mracl y-1 in cells lining bone surfaccs
(paragraph 211), the corresponding dose commitments
are 180 and 230 millirads, respecth·c!y.

227. The fraction of the dose commitments to be
received by the year 2000 are obtained from equation
(92) and the appropriate valucs of yo, giving 13 mil
lirads to bone marrow ancl soft tissues and 16 milliracls
to c('lIs lining bone surfaces.

(iv) Strol/tilllll-89

228. Internal closes due to strontium-89 are insig
nilicant compared with those from other somcr,.; of
radiation.

(iii) Carbon-N

226. The total dose commitment from carbon-14 is
estimatecl from equation (89). The rate of production
of natural carbon-14 is 2.6 lO:!u atoms per year, and
the am r1l11lt of carbon-14 injected by tcsts carried out
up to 1967 is 650 1O:!1l atoms so that

J) p( 00) (bone marrow) =G4 mrad in the northern
hemisphere

= 14 mrad in the southern
hcmisphere

J)p( 00) (emlostealcells) = 128 mrad in the northern
Il<.'mispherc

=28 mrad in thc southcrn
hemispherc

2. nislrib/l/iv/I vf 7"orld-'(c'idc dc/'osil of IOllu-li'<!cd
radio-lI lie/idcs

population of Japan which dilTcrs from the eastern
European populations insofar as rice and vegetables
arc the principal sources of strontimn-90 and cac
sium-I37.

If. PO/lulatiolls -ill the rCl/laining rcgiolls of the
'world from 'whicll all/lost 1/0 clwirolllnclltal data arc
a7'Clilablc and little -is Imo'wlI about transfer /'rocesscs
through food chains. 1"01' these rcgions, it is thus
neccssary not only to predict future Icvels but also
to estimate past le.vc1s. These rcgiOl!S includc, in
particular, the tropical and subtropical belt.

220. In addition to thcsc broad population groups,
there arc substantial groups of individuals for whom
the dose rates may be murh higher than typical valucs
for the tcmperate zone because of special climatic and
dietar)' factors..\u important example is that of thc
arctic aud subarctic regions where people include rcin
dcer alltl caribou meat and frcsh-wate.!" fish in their
dicts. .\s they arc a relatively small fraction of thc
world's population, the enhanced doses that they rcceive
do not contribute signiflcantly to the world-wide. dose
commitlllent.

221. The dose commitment due to carbon-l-1-, on the
other hand, does not depend significantly on dietary
and social habits, and. since the deposit of carbon-l-1
is 1110rc or less uniform over the globc, it will be equal
for all populations.

222. Dose commitments for the population belonging
to group I (Cl) will be calculated first, using equation
(16) and the values of the transfer coeftlcients relevant
to each case, as estimated in the preceding paragraphs.
The special problems arising in the case of populations
belonging to groups I (b) and .L I wilt then be con
sidered separately.

223. The distribution of deposit over the surface of
the earth is shown in table XVII. The <l\'crag-e integ-rated
deposit of strontit1111-~O in the north temperate latitudes
to the cnd .of 1967 is about (}5 mCi km-:l, \\'hereas that
of caesiulll-137, obtained by multiplying the value for
strontium-90 by 1.6 (paragTaph 20), is 104 mCi km-:l.
The corresponcling values in the south temperate lati
tudes are 1-1- mCi km-:l and 22 mCi knr:l for stron
tium-90 and caesium-137, respectively.

3. Dose cOlIl//lillllCl/ls 10 grOIl/, I(a) />o/>ltlalioll

(a) JI//:'mal dose eO/Hllli/ll/el/ls

(i) ,)'1rOI/ lilt 111-90

224. The following values of the transfer coefficients
are used

(a) P~;1 = 9 pCi y (gCa) 1 per mCi knr·:l (para
graph 140)

(b) P.14 (vertebrae) = 0.2 pCi y (gCa)-l per
pCi y (gCa)-l (paragraph 151)

(c) PJ,i; (bone marrow) = 0.55 mrad y-1 per pCi
(gCa)-1 (paragraph 158)
P 4.'i (endosteal cells) = 1.1 mrad y-1 per pCi
(gCa)-1 (paragraph 158)

Thus we obtain
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Poland) havc consistently been higher by a factor of
between two and three than those in western European
diets, the corresponding levels in human tissues have
only differed fractionally.

232. Because the difference that this observation
implies between the values of the diet-to-tissue transfer
coefficients of the two populations is not well understood,
there is !:ome doubt concerning predictions of the future
time course of the body burdens, if thc present disparity
between the dietary levels of the two groups continues.
However, since future levels must continue to decline,
the levels integrated over future time in group I (b)
populations cannot greatly exceed those. predicted for
group I (a), because the rate of decline of levels in
the futme cannot be less than that determined by the
rate. of radio-active decay. The uncertainty is larger
for strontimn-90 since, for caesium-13i, a smaller pro
portion of the total expected dose is yet to be delivered.

233. In the case of Japan, measured levels of both
long-lived nuclides in human tissues have been some
what lower than those found in the corresponding tissues
of populations belonging to group I (a) in the northern
hemisphere. Tlms, the dose commitments for stron
tium-90 and caesium-13i calculated for group I (a)
populations living in the northern temperate zone
somewhat over-estimate those applicable to Japan. Until
better information is available, therefore, the Com
mittee is satisfied that the dose commitments calculated
for the northern temperate zone are also applicable
without serious error to populations belonging to
group I(b).

234. It is only possible to speculate. about the values
of dose commitments to populations belonging to group
Il. In its previous reports, the Committee had assumed
that levels of caesium-13i in human tissues would be
proportional to the levels of deposit, though there was
no evidence to support this. Body burdens of stron
tium-90 were assumed to be proportional to levels of
contamination in food-stuffs, the latter being estimated
from the levels of the deposit using deposit-to-food-stuff
transfer coefficients estimated in the temperate latitudes
and allowing for the different proportions each food
stuff contributed to the diet. The deposit-ta-diet transfer
coefficients for both caesium-13i and strontium-90
may be greater in tropical and subtropical areas than
in the temperate zones because of differences in climate,
soil and agricultural practices. However, in regions
belonging to group Il, the cumulative deposit is smaller
by a factor of between two and ten than it is in the
north temperate zone. Thus, even though the deposit
to-diet transfer coefficients for individual food
stuffs may be several times greate.r than the correspond-
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ing values in the temperate zoncs, it seems unlikely
that the levels of contamination in group II dietary
components will significantly exceed those observed in
group I (a). \\Then allowance is made for the different
dietary composition, the most pessimistic assumption is
that the levels in whole diet will, at most, be as high
as those observed in eastern European populations,
The Committee believes therefore that the dose com
mitments estimated for internally deposited strontium-90
and caesium-137 in the northern temperate zone may
be taken as reasonably reliable upper limits for the
group II population.

235. Estimates of dose per unit deposition due to
external sources are based on measurements and para
meters appropriate to the north temperate zone and
may, because of the effect of different living habits on
shielding, be too low for poptllations living in other
areas. However, the maximum error due to this effect
cannot exceed a factor of two, and, since accurate data
are not available, it will be assumed for present pur
poses, as in previous reports, that the dose commitment
due to external sources is proportional to the integrate.d
deposit.

236. The world-wide average dose commitment fr0111
external sources is therefore calculated in the following
way. The distribution of the world population and
faH-out by latitude is given in table X\'II, from which
it has been estimated that the mean deposit over the
world surface is 26 mei km-2 • Since the population
weighting factor Z is 1.56 (table XVIII), the average
deposit of strontium-90 weighted by population is 40
mCi km-2 and that of caesium-13i, afte.r applying the
ratio 1.6 (paragraph 10), 64 mCi km-2• Using the
same factors as given in paragraph 22i, this cor
responds to a dose commitment from external cae
sium-137 of 23 millirads. The corresponding dose com
mitment due to short-lived radio-nuclides is also taken
to be 23 millirads (paragraph 230).

237. The dose. commitments due to internally de
posited carbon-14, strontium-90 and caesium-137 to the
world population are taken to be the same as those
estimated for the north temperate zone (paragraphs
222-228). As noted in paragraph 234, the doses ob
taitled for strontium-90 and caesium-13i are considered
to represent upper limits of the dose commitments for
those populations that live outside the north temperate
zone.

238. Dose commitments estimated for the north and
south temperate zones, as weH as the average for the
world weighted by population are summarized in
table XIX.
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TADLE Ill. OOSr AND WiCS 1" ~IILK

90Sr to caldum rati'o JUCs couccull'Ol,'oll
(ftCi 0-1) (ftCi I-I)

RCgl'OIl or coulllr~' 1965 1966 1967 1968 1965 1966 1967 1!1~8 R"!"/'Cllccs

Argentina 6.5 5.2 ~? 3,8 20 21 11 10 15~ ....................... :l.~

Australia .................. 9.2 7 5.3 47 28 20 15 247-250
Austria ..................... 31 23 138 70 212,236

Belgium ................... 19 13 73 36 214
Canada .................... 19 13 10 8 108 51 33 25 215-219
Czechoslovakia ............. 18 16 220

Denmark .................. 17 12 8 56 26 14 124,221,222

Faroe Islands ............... 115 73 51 1100 800 586 202-204
Finland .................... 18 13 10 9 190 143 106 78 208,209
France .................... 28 21 17 14 115 58 29 225,226

30 15 12 130 34 24 227

Gt:rmany-Federal Republic of 24 16 12 107 61 223,224
Greenland .................. Dried milk imported from Denmark 205-207

Hawaii 7 4.3 3 50 ?~ 9 240.................... _:l

Iceland ... 0 ••••• to •••••••••• 80 750 210
India ••.••.•••••.••••••. '0'. 11 11 24 246,251
Israel ..................... 3.3 2.3 2.0 25 14 11 228,229
Italy .. , .................... 19 13 140 80 230

Jamaica ................... 11 9 270 200 184 240
Japan ..................... 15 11 56 231,232

Mexico .................... 1.5 55 245

Netherlands ................ 17 15 9 107 43 37 233
New Zealand .............. 12 7.9 6.4 5.2 60 40 31 23 25

Norway ................... 40 28 16 11 360 234 181 146 211

Panama .................... 4.9 4 37 21 22 240
Puerto Rico ., .............. 8 6 4 42 21 14 240

Sweden .................... 18 13 10 117 71 46 40 234,235

Switzerland ................ 39 28 15 69 28 15 236

Ukrainian Soviet Socialist
Republic ................. 10 8 237

Union of Soviet Socialist Re-
publics ., .............. '" 16 12 8 78 56 127,239

20 16 13 215 90 51 185

United Arab Republic ....... 15 13 6 242-244

United Kingdom ........... 19 12 9 98 46 20 65,238

United States ............... 14 11 9 57 29 16 240

Alaska .................. 14 12 6 57 34 20 186

Chicago ................. 12 9 8 240

New York City ., ........ 19 12 10 9 241

San Francisco ............ 9 240

Venezuela .. , .............. 4.3 4 20 14 9 240
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TABLE l\~. 90Sr AND 13iCs I", TOTAL DIET

99S,' /0 cal"'"1111'IIlio
(pCiQ_l)

lJ7CS dai/\' ill/like
(pC,' ,i-I)

Regioll, al'ea 01' cOIIIII,'S 1965 1966 196i 1968 1965 1966 196i 1968 Rr!t'l'ellct's

Xortheru hemisphere

23

40 28

t

I

I

I
[
t
le
j:
1
r
!

j
I

i
j

l'

212.236
124,221,222
202-204
223,22~

2S

127.128

15
249

227
227.252
205-207
251
253
257
233

28
28

127

242,244
256
240
240
254,255
240
241
241

182~

~~

480

135
79

500
8~

260

19~ S9 297
35
92
34 18 14

160 87 47
660 420
221 132
221

236 147

106
105 55 30
140
130
65 65 35

170
108

231
193
SSO
132
340

13

14
4.3

Southern hemisphere

57
6

10
22
'J-_J

19 17
22 IS
9

IS
12

7
7

1~

33
29
21

22
27
15

2~

21
38
22
42

45
Survey discontinued

16 . 12
29 16
15 12
10 6
18 17
6 5.5

40
23
56
36
J.l.

9
11

63

18
22
29
19
21
24
11

Argentina
Australia

Austria .
Denmark .
Faroe Islands .
Federal Republic of Germany
Finland .

France
Paris .
Southeast .

Greenland .
India (Tarapur) ..
Israel .
Japan (urban) .
Netherlands .
Norway .
Sweden .
Ukrainian Soviet Socialist

Republic .
Union of Soviet Socialist Re-

publics .
United Arab Republic .
United Kingdom .
United States .

Alaska .
Chicago .
Hawaii .
New York City .. , .
San Francisco .
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TABLE VII. 13l! IN MILK A~D THYROID DOSES

Tl'mc illtcnral of U1[
cOllcelltratl'on ill milk

(PCid I-I)

[1It.·gratcd tll~'rol'd
doscs to 1'lIfallts

(mrad)

Rcg,'oll, arca or cOlllltr,)' 1966 1967 1968 1966 1967 1968 Rcfcrcllces

Argcntina
Bariloche ••.•.................
Bucnos Aires ..........•......
Salta ••.•....................

Australia
:Malanda (Highest) .
Hobart-Launceston (Lowest) ..

Chile (Santiago) ..
Colombia (Bogota) .
Ecuador (Quito) ..
Fiii (Suva) ..
lIIadagascar (Dicgo Suarcz) .
New Zealand .
Peru

Lima .
Tacna .

Society Islands
(Papeete, Tahiti 1.) .

Western Samoa (Apia) , .

7602
26995
15028

11 000
1500
4000

400
2500

12600-15000
13000
1000

6000

> 7300

1392
4346
1800

10360
380

2477

4540
790

6500

4000

88
312
174

127
17
46
5

29
146-174
150
12

70

>84

16
50
21

120
4
9
5

22

23

55

29

53
9

< 10
<10
< 10

80

50
120

15
15
15

22
22
14,295
14,295
14,295
23
14,295
23

14,295

295
23

TABLE IX. BONE/DIET OBSER\'ED RATIOS

TABLE VIII. RELATIVE DISTRIBUTlO~ OF 90SI' IN ADULT SKELETON
A - samples not necessarily taken from same individuals

Femur
Ve,.tcbrae Ribs diaplrsses Vertebrae

VCI·tcbme Nllmbe,'
Wlrole Whole Wlrol~ Femur of

Date skeleton skeleton skeleton Ribs d,'aplrsses samPl~s Refe"clIees

1956 0·' ••••••••••••• , •••••••• 304 1.5 0.8 2.3 4.3 2 177
1957 ·....................... 1.8 1.1 0.5 1.6 3.6 9 177
1958/1959 . , ................. 2.1 1.4 0045 1.5 4.7 59 177
1959 · ., ................. , ... 2.1 5.6 11 296
1961 · , ...................... 1.6 3.1 4 296
1963 ••••••••••••••••.••••• 0. 1.4 A 179
1963 ..... , .................. 1.5 1.0 0.5 1.5 3.1 A 74
1964 · ......... , ....... , .. , .. 1.4 A 179
1965 ........................ 1.7 A 179
1965 · , ........ '" ....... , ... 1.7 4.7 A 74
1966 .. , ..................... 1.4 A 179
1967 " ...................... 1.9 0.75 0.6 2.5 2.9 40 74
1968 · ...... , ............... , 2.7 54 73

Regiol! or co,mtl·y Obscl'1Jed ratio

11

305
b

306,307
88

308,309
310
311
312
312
312

RefCl'cn~cs

0.33
0.24-0.26

0.33
0.13-0.16

0.20
0.23-0,25

0.18
0.1MJ.20

0.15
0.17
0.22

Chicago ,., " .
New York City , " .
San Francisco .. , ,., .

Australia ., .. " , " , .
Canada.,." , , , , ,
Denmark ,., , , .
Japan , , .. ,.,' .
Union of Soviet Socialist Republics (Moscow) .,., .
United Kingdom , , .
United States , , , .

11 Calculated from data published in references 247-249, 297-303.
h Stable strontium in diet from reference 176 and in bone from reference 304.
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TADI.E X, A~NUAf. A\'ER,\G1, \lOSI/Ca RATIOS IN ~ULK nY COUNTRY OR AREA IN THE NORTH TI-:~[PERATE ZO::E

....Ci (gCa)-l

COlflltr~or area
F.',/o.·ral UlIited States of AlIIc,·,·ca
RC/'lIbUc

C::ccllO' of Ukrai· Um'ted Nco:u
slova. DCII. Gcr· Fill' Nctllcr· Tu'an USSR K'·lIg· Whole York Salt Lake

Year Canada'lS kl'aO'.-.:> 1II01'k '7U tuausll , lalld~'OO Frtlllcc.H lands'8T SSR""-t lIloscoTuS. dOllll85 COlllltr~,I811Clricago:U' Cit~,S1S Cit~1I1. Mean

1955 3 4 3.5
1956 4 6 5.0
1957 6 6 5 4 5.3
1958 5 7 7 8 4 6.2
1959 9 9 8 10 7 11 6 8.5
1960 4 7 7 6 6 8 8 6 6.5
1961 4 6 6 4 6 7 6 7 4 5.6
1962 12 11 13 9 13 12 11 9 12 8 11,0
1963 26 21 24 26 2~ 25 27 23 26 19 17 26 19 23.2
1964 28 20 25 27 23 22 20 18 28 19 16 23 23 22.5
1965 19 18 17 24 18 24 17 11 14 19 14 12 19 17 17.4
1966 13 12 12 16 13 19 15 9 15 12 11 9 12 IQ 12.7
1967 10 9 12 10 14 9 8 9 9 8 10 5 9.4-
1968 8 9 12

Total 1955-1967 137

TABI.I-: XI. RATIO OF 90Sr/Ca RATIOS IN WHOLE DIET AND IN MILK23b

''"::=-:..-::::-:::: .~.~ ..

I

COlllltr~ 1963 1964 1965 1966
Alcan for

1967 1963·1967

Argentina .
Australia .
Denmark .
Federal Republic of Germany .
Finland , .
France .
Norway .
Sweden .
United Kingdom .
United States .

Hawaii .
India .
Japan .
Union of Soviet Socialist Republics ..

1.8
1.1
1.3
1.3

0.9
1.2

1.6

2.1
2.3

1.5
1.0
1.7
1.6

0.9
1.4

2.2

2.2
3.1

1.3
0.9
1.3
1.7
1.8

1.3
1.4
1.0
1.4

3.5

2.3
3.7

1.3
0.9
1.2
1.8
1.6
1.0
1.3
1.5

1.4

2.1
3.6
2.3
3.0

1.3
1.2
1.2

1.3

1.5

2.0

1.4
1.0
1.4
1.6
1.7
1.2
1.3
1.5
0.9
1.4

2.3
3.6
2.2
3.0

TABLE XII. ESTIMATION OF P 3~ FROM BONE MEASUREMENTS IN AUSTRALIAn

Year Ct) 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967

Population average IlOSr/Ca ratio .26 .28 .19 .30 .32 .63 .66 .76 .84 1.21 1.26
Levels integrated to year t-1: Gt_ 1 .26 .54 .73 1.03 1.35 1.98 2.64 3.40 4.24 5,45 6.71
Levels integrated from t to 00: IIt .. 1.63 1.92 1.22 1.91 2.14 4.45 4.64 5.30 5.83 8,40 8.87 8.31
Gt- 1 + Ht ...................... 1.63 2.18 1.76 2.64 3.17 5.80 6.62 7.94 9.23 12.64 14.32 15.02
Dietary level integrated to t ....... 4.5 8.3 12.4 17.2 21.6 26.3 32.1 38.5 47.6 58.3 65.5 71.5
Pll~ ............................ . .36 .26 .14 .15 .15 .22 .21 .21 .19 .22 .22 .21

Cl From data given in references 247-249, 297-303.
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TADLEXV. VALUES OF De/Dov. FOR CORTICAL AND TRABECULAR DONE IN ADULT SKELETONS!7

Frac- Trabccular bouc Cortical bonc
Bas,'s t,'OIl of

Etldosteal Endostcalof bonc Mcall MeallGroups of calclIla- ill- Trabcc1llar DID
fractWII.

liS/Do
Corlical D/Do

fractl'oll.
liS/DobOllcs tl'01l volvcd cOlltribuUOII a 0 fa COlltriblltioll 'a

Hipbone 0.6 0.299 0.179 0.0545 0.051 0.0306 0.0093
Scapulae Hipbone 0.304 0.304
Clavicles 0.4 0.238 0.095 0.0288 0.072 0.0288 0.0088

Cranium Cranium 1.0 0.200 0.200 0.140 0.0280 0.272 0.272 0.140 0.0381

Ribs
Mandible Ribs 1.0 0.229 0.229 0.134 0.0307 0.136 0.136 0.134 0.0182
Sternum

Humeri 0.53 0.284 0.150 0.0090 0 0 0
Femur 0.060 0.060

Femora 0.47 0,256 0.120 0.0072 0.060 0.0282 0.0017

Vertebrae
Lumbar 1.0 0.258 0.258 0.362 0.0934 0 0 0.362 0vertebra

Sacrum
TOTAL 0.2516 TOTAL 0.0761

v. Do is the dose rate to a very small tissue-filled cavity. It is usually taken to be 2.7 mrads y-l per pCi (gCa)-l.D.q is the
mean dose rate to the endosteal tissues on the surface of the tra beculae. Therefore, the dose-rate factor to cells lining bone sur
faces due to strontium-90 in trabecular bone is 0.2516 2.7 = 0.68 mrads y-l per pCi (gCa)-l and that from strontium-90 in cortical
bone is 0.0761 2.7 = 0.21 mrads y-l per pCi (gCa)-l.

TABLEXVL AIR-DClSE CONVERSION FACTORS FOR A PLANE SOURCE138

J37CS llles JOGR" 12SSb SIMu "Zr 1lOBa llICC IO'Rlt

Dose-rate conversion factor
K j El mrad y-l per mCi 0.079 0.006 0.032 0.063 0.109 0.358 0.349 0.009 0.073
km-2 ....................

Mean life Till] years ........ 44.0 1.13 1.44 3.90 1.24 0.257 0.051 0.129 0.157

K j Ej T lllj . , .. , ............ 3.48 0.007 0.05 0.25 0.14 0.09 0.02 0.001 0.011

n The conversion factors include dose contributions from daughter nuclides.

TABLE XVII. LATITUDINAL POPULATION AND FALL-OUT DISTRIDUTION50. 8Hi

Total 9OSr Cumulativc 90Sr Total 9OSr
depositioll dcpositioll dcposition

A,.ca Poplllation 1964·1967 to 1967 1966.mid·1968
Latitude (Mm') (pcr CCllt) (mCi km") (mCi km") (mCi km")

70-80 c N ............ 11.6 1.7
60-700N ............ 18.9 0.4 8.8 26.1 3.5
50-600N ............ 25.6 11.9 18.9 63.8 4.9
40-500N ............ 31.5 17.7 20.1 66.6 10.5
30-400N ............ 36.4 23.4 14.6 42.4 9.2
20-300N ............ 40.2 25.2 11.1 34.0 7.6
1O-200N ............ 42.8 8.4 8.9 9.1 4.2
O-WON ............ 44.1 4.0 5.7 4.7 5.6
Q-WOS ............ 44.1 4.2 3.5 9.4 3.8

lQ-200S ............ 42.8 1.7 2.9 6.4 14.1
20-30°5 ............ 40.2 1.5 5.1 8.1 30.7
30-400S ............ 36.4 1.4 6.2 13.6 19.7
4Q-500S ............ 31.5 0.1 7.6 13.6 11.9
50-60°5 ............ 25.6 1.8

S6
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TABLE XVIII. ESTIMATES OF FACTOR Z

l<lSr CIIIIII/lativc 8lISr 1966-
roSr 1964-1967 to 1967 mid-1968

!\'fean deposition, F
(mCi km-2) 11.5 42.0 6.3

Northern hemisphere !,NiFJi.Ni 14.3 42.8 7.8

Z 1.24 1.02 1.24

Mean deposition, F

-I(mCi km-2) 4.4 9.0 12.3

Southern hemisphere !,NiFi/!,Ni 4.2 9.3 12.9 I
Z 0.95 1.04 1.04

1{can deposition, F
(mCi km-2) 7.9 25.5 9.3

Global "i,NiFdINi 13.4 39.8 8.3 'j
Z 1.69 1.56 0.89

'j

TABLE XIX. DOSE COMMITMENTS FROM NUCLEAR TESTS CARRIED OUT BEFORE 1968

Dose commitmellts (mrad) j
Prcsel/t estimates 1966 Estimates

INorth SOllth
temperate temperate

Tissl/e SOl/rce of radiatioll :otzc .::ouc Whole wo/'ld Whole world

Gonads ................................. External Short-lived 36 8 23 23
la7Cs 36 8 23 25

Internal 137Cs 21 4 21 11 15
HCb 13 13 13 13

TOTALC 110 33 80 76 'j
Cells lining bone surfaces ................ External Short-lived 36 8 23 23

l37Cs 36 8 23 25 ~i

Internal oOSr 130 28 13011 156 I
l3iCs 21 4 21 11 15 j

I
HCb 16 16 16 20 I
80Sr <1 <1 <1 0.3 I

TOTALc 240 66 220 24U I
Bone marrow ........................... External Short-lived 36 8 23 23 .1

la7Cs 36 8 23 25 !Internal 90Sr 64 14 64a. 78 Ila7Cs 21 4 21n 15
HCl> 13 13 13 13 d

'\
80Sr <1 <1 <1 0.15 I

TOTALC 170 51 140 150 I
:J

n The dose commitmcnts to internally deposited oOSr and l37Cs given for the north temperate zone are considered to represent
upper limits of the corresponding dose commitments to the world population,

b As in the 1964 and 1966 reports, only the doses accumulated up to year 2000 are givcnfor HC; at that time, the doses from

the other nuc1ides will have essentially been delivered in full. The total dose commitment to the gonads and bone marrow due .•.,...••.:.·..]••,.1
to the HC from tests up to the end of 1967 is about 180 mrads, and that to cells lining bone surfaces is about 230 mrads. :

C Totals have been rounded off to two significant figures.
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I. Introduction

1. Exposure to ionizing radiation brings about ef
fects that involve all systems of the organism. The
type and frequency of such effects are strongly de
pendent on the dose of radiation absorbed and on the
conditions of exposure. The purpose of this review
is to describe certain aspects of the response of the
nervous system to irradiation, to as~ess. t.his response
in terms of hazards to the exposed mdlvldual and to
explore the possibility of evaluating the expected fre
quency of particular effects according to dose, that is,
of estimating the corresponding risks incurred by man.

2. The effects of radiation on the nervous system
were briefly considered by the Committee in its 1962
report to the General Assemblyl within the general
context of somatic effects. Much information has ac
cumulated since that time. As a consequence, the im
portance of the impairment of the nervous system and
of its functions that radiation may occasion is now
better appreciated, and it waf therefore felt that a
more detailed review had now become appropriate. The
range of the observations is so vast, however, that no
attempt at covering it exhaustively has been made in
this review which is largely confined to discussing
those topics that are of immediate relevance to the
activity of the Committee.

3. The study of the effects of radiation on the
nervous system is particularly difficult because of the
system's own morphological and functional complexity,
the close and intricate relationships between the nerv-
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OUS and other systems of the organism and the multi
plicity of end-points whereby changes in the nervous
system can be recorded.

4. Direct damage to the nervous system is generally
not lethal, except at doses well above those necessary
to cause lethal damage to other organs and systems,
though radiation may produce serious structural and
functional changes. The relationship between these two
types of change cannot always be established. In some
instances, the response of the nervous system is secon
dary to damage in other tissues so that doses to the
nervous tissue are not the relevant ones for assessing
the risks of such particular effects.

S. The functional changes in the nervous system to
which radiation exposure may give rise are manifold
and often reversible. vVhether any particular one
should be regarded as damage, and its occurrence as
Cl hazard, is largely a matter of judgement. Thus,
Cl number of functional changes are merely transient
physiological responses of certain receptors to a stimulus
(ionizing radiation) that the organism does not rec
ognize as different from those that the receptors are
designed to detect. While this kind of response can
hardly be viewed as damage in normal circumstances, it
may involve a hazard in such exceptional situations as
might, for instance, occur in space flights, in which the
individual required the full command of his reactions to
sensory perception.

6. In this review, radiation-induced changes will be
primarily considered from the point of view of the re
sulting prolonged impairment of the functional integrity
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of the individual. While this review deals with effects
of both high and low doses, it b in the low dose range
that results are particularly emphasized, for it is in
this range that the population is exposed. As in earlier
reports of the Committee, doses of <:f) rads and less are
considered to be low. The distinction between high and
low doses is merely intended to separate by means of
an arbitrary cut-off point doses which are likely to
produce early clinical (so-called acute) effects from
those that do not.

7. Data on the response of the nervous system of
man and on the effects of radiation upon it are scanty
and come mainly from four sources: (a) survivors
of the nuclear bombings at Hiroshima and Nagasaki;
(b) patients irradiated for medical reasons; (c) people
occupationally exposed; and (d) people irradiated acci
dentally. The reliability of data from each group has
limitations. Dosimetry is not always accurately known,
and in most cases irradiation has taken place in circum
stances that were, for obvious reasons, not well con
trolled.

8. Survivors of atomic bomb explosions (group a)
were exposed not only to radiation but also to blast
and heat and generally experienced a disaster unpre
cedented in their lives. The associated trauma may have
affected their nervous systems in various ways. vVhen
patients receive therapeutic or diagnostic radiation ex
posure (group b), it is often difficult to separate the
effects of radiation from the consequences of the condi
tion or disease for 'which radiation was administered.
In medical radiation series, particularly those per
formed many years ago, the adequacy of dosimetry is
often questioned. Finding adequate control groups is
often difficult, while the use of inadequate ones may
easily lead to biased conclusions, particularly when
certain functional effects that are difficult to diagnose
objectively are considered. vVhen satisfactory control
subjects are available, it is advisable to set up paired
statistical controls and to use double blind techniques.
For radiation workers (group c), it is also difficult
to find adequate control groups. Most of the occupa
tional groups receive very low doses, and the relatively
few groups who have been exposed to higher dose levels
in the past received their exposures when dosimetry
monitoring was still far from adequate. In serious
accidental situations (group d), attempts are usually
made to reconstruct the dose distribution within the
working space and to determine the occupancy by the
the exposed workers when the situation occurred. Since
accidents usually involve negligent procedure, only
rarely can the dose distribution be accurately estab
lished.

9. Because of the paucity of human data, a large
part of the evidence on the induction of effects in the
nervous system is necessarily derived from animal
experiments. Unless this evidence is supported by well
controlled observations in human beings, extreme cau
tion should be exercised in extending conclusions to
man, since the response of the nervous system to radia
tion differs from species to species and even between
strains within the same species. The need for caution
is particularly acute when observations, even negative
ones on the effect of radiation on the behavioural re
spon'ses of one species are used to infer the possibility
of similar effects or lack of them in man.

10. The quantitative assessment of rates of induction
of functional or structural changes, and therefore the
estimation of the attendant risks, requires a detailed
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quantitative knowledge of the underlying dose-effect
relationship. Such knowledge is largely unavailable
for the nervous system. The number of different doses
for which effects have been studied in individual experi
ments is in most cases extremely small, sometimes
limited to one dose level only. As there is 110 reason
able theoretical ground for establishing dose-effect
curves, no meaningful extrapolation can be made. On
the other hand, a major hindrance to the proper
evaluation of the resuls of neuro-radio-biological studies
is often the lack of statistical analysis and sometimes
of adequate knowledge of the doses involved. All too
often data are reported with so little information on
such details as rate of delivery, fractionation schedule
and quality of radiation as to make assessment and
intercomparison of results all but impossible.

11. Most of the experimental results are reported
in terms of exposure rather than dose, since it is
usually the exposure (in roentgens) that is controlled
during the experiment, although the absorbed dose
(in rads) is the relevant parameter. With small ani
mals (mice and rats) and the radiation usually em
ployed, however, the assumption that the numerical
value of the exposure and that of the dose are the
same involves an error that, in the present context, is
trivial. \iVhenever this has proved reasonable, roentgens
have therefore been treated as equal to rads in, this
review. In other cases, the stated units of exposure:. have
been retained, and available details about kilovoltage,
filtration, distance, etc. have been included. Unless
otherwise indicated, irradiations must be read as single,
short-term, whole-body. Dose rates are given only
when special significance attaches to them. \iVhen the
quality of the radiation is not mentioned, it may be as
sumed to be that of x rays or gamma rays. This is
the case with the majority of irradiation experiments
involving the nervous system.

11. Effects on the developing nervous systemn

A. EXPERIMENTAL RESULTS

1. Stntctural changes

12. Pre-natal irradiation of experimental animals
produces damage in a number of organs and may result
in macroscopic or microscopic abnormalities at birth.
The cells of the developing nervous system show varying
reactions to radiation. Immature cells undergo mitotic
delay Or become unable to reproduce in large propor
tions, the proportions being dependent on dose. Pat·tic
ularly in the early stages of development, cell killing
may be so extensive as to prevent further development

n The main stages in the development of the nervous system
are the following :2, 3

Ca) Period of cell division. During this period, the number
of neurons reaches almost that found in the adult. This lasts
until birth in the rat and until 210 days after conception in
man. .

(b) Period of cell growth and differentiation. In this period,
there is an increase in the size of the brain cells and rapid
ollt~rowth ofaxons and dendrites from the nerve-cell bodies.
This occurs during the first ten days after birth in the rat and
from 210 days after conception until birth in man.

(c) Period of1'apid myelinatlon. Electrical activity can now
be detected in the brain. Growth of cells is considerably lower
than it was previously. This period extends from ten to about
twenty days after birth in the 'rat and from birth to 120 days
later in man.

(d) Period of slower myelination. It is difficult to determine
exactly when this final period begins and ends. In the rat,
myelination ends between five and six weeks of age and, in
man, between five and ten years of age.
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of the embryo. Because different primordia and anlagen
of the various parts of the nervous system follow dif
fering patterns of mitotic activity, the ultimate outcome
of the irradiation varies not only with dose but also
with time of exposure.4 As diff~rentiation proceeds
and less and less cells are diviciing, the resistance of the
various structures of the nervous system increases.
Eventually, mature neurons can usually absorb a dose
of at least 1,000 rads without apparent structural
damage.

13. The results of pre-natal irradiation have been
studied particularly in the mouse and the rat. In both
species, malformations of the nervous system can be
observed during the subsequent course of development
of the animals. Although reports of these malforma
tions are more abundant in the rat than in the mouse,
this may merely reflect the fact that the two species
have been studied by different investigators with dif
ferent techniques and for different purposes.

14. In the mouse, the most extensive studies5 have
considered primarily the way in which skeletal defects
depend both on dose and on pre-natal age and have
indicated that it is mainly in the period of major
organogenesis (between six and a half and twelve and
a half days after conception) that most malformations
are brought about by radiation. These studies have
also indicated that, within this period, the interval dur
ing which anyone type of malformation can be induced
by doses of 200 rads is limited to the period from
twenty-four to forty-eight hours, though it becomes
somewhat wider at higher doses. During the first six
days of pre-natal life, irradiation results in high pre
natal mortality and very few malformations. After or
ganogenesis, the ability of radiation to give rise to
structural abnormalities is very much reduced, and
the yield of malformations becomes progressively lower
after the twelfth day of gestation.

15. Other investigators6- 9 have focused particularly
on central nervous system malformations in mice ir
radiated at various times between the seventh and the
twelfth day of pregnancy. Exencephalia, myelodys
plasia with spina bifida occulta, encephalocele and ar
rhinencephaly are observed after 200 or 300 rads
between the seventh and the ninth day, whereas later
irradiation tends to produce hydrocephalus.9 Microph
thalnlOs, anophthalmos and microcephaly arise after
both early and late irradiation at the same doses,
There are differences, however, in the temporal se
quence between the two strains investigated, one of
them, for instance, showing two peak incidences of
hydrocephalus, whereas the other presents only one.

16. 'While most investigators agree that malfortna
tions can only be induced during major organogenesis,
there have been reportslO• '11 of exencephaly being in
duced by doses of 15 rads given 0.5 and 1.5 days
after conception. The occurrence of exencephaly after
irradiation at that early stage, however, appears to be
a rare and erratic phenomenon for which no clear dose
effect relationship has been demonstrated so far. Exen
cephaly has been observed to arise spontaneously in
some strains of mice, and there is some indication that
its incidence may show seasonal fluctuations.12 Larger
and strictly controlled experiments must be performed
before the view can be accepted that irradiation in the
pre-imp!antation period brings about major malforma
tions involving the nervous system.

17. In rats, formation of the nervous system begins
on the tenth day after conception. Results of in tttero
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irradiation are basically similar in all strains investi
gated. A dose of 200 rads given on the eighth day kills
the embryo, whereas lower doses neither kill the em
bryo nor produce malformations. \iVith 100 rads on
the ninth day, severe malformations of the forebrain
and upper head (anencephaly, pseudoencephaly) and
eye malformations (anophthalmia) may be observed.
Some malformations occur even after 50 rads, but
only eye anomalies at 25 rads. The effects are less
on the tenth day, though anophthalmia is still observed
at 100 rads. Irradiation (200 rad) on the eleventh
day gives rise to a high frequency of hydrocephalus
with dorsal encephalocele of the third ventricle.IS-IT

18. Between the twelfth and the twentieth day
after conception, doses of 200 rads produce a varying
degree of reduction of the size of the forebrain accom
panied by hypoplasia and disorganization of the cortical
neuron layers.IB,19 Absence or abnormalities of the
corpus callosum may occur after irradiation between
the twelfth and the eighteenth day, and the presence
of aberrant thalamo-cortical fibres is particularly evi
dent in animals irradiated on the sixteenth and seven
teenth days. Irradiation from the eighteenth day on
wards, and well into the first week after birth, may
produce maj or disturbances in the development of the
cerebellum that affect its size and the proportion of
its various parts and that disrupt the orderliness of
its cellular structures,20

19, Detailed histological studies21 have shown that
doses between 20 and 50 rads on the sixteenth day
of gestation are followed, in the rat, by disorganiza
tion of the cortical structure. Neurons in the outer
cortex are smaller and fewer than in controls, less
differentiated and with little tendency to vertical ar
rangements. Certain cortical layers are thinner and
less sharply defined, "layer six" in particular showing
cellular deficiency and jumbling of neurons. \iVhile at
mat,!-rity the orderliness of the cortex is partly restored,
parbcularly when doses were Iow, layer six remains
deficient and disorganized even after 20 rads. Similar
but less striking effects are observed after irradiation
on the eighteenth day of pre-natal hie, Retardation
and alteration of growth of the cortex is clearly evi
dent after a dose of 10 rads on the day after birth,
but the damage becomes more and more difficult to
detect with time, and no significant structural abnor
malities can be detected in mature animals, thus indi
cating apparent recovery. No data are available on the
effects on cortical structure of low doses given before
the sixteenth day of intra-uterine life.

20. It is very difficult ,to predict, on the basis of
what has been observed in rodents, the malformations
to be expected in man, even allowing for the different
time course of development. The relevance of the ex
perimental studies that are reviewed here is mainly
in showing the importance of the time of irradiation
for the production of malformations of the nervous
system in general and of particular anomalies involv
ing this or that structure. The timing of irradiation is
so important that, by adjusting it carefully, it is pos
sible to "design and build" abnormal rat brains. Dose
is naturally an equally important factor. It is remarkable
that, with the exception of exencephalia, whose induc
tion by radiation is still open to questiou, gross mal
formations of the nervous system have not been de
scribed in the low dose range. Even thol'!p'h a threshold
dose for the induction of damage to tIle developing
nervous system has not been established, lasting micro
scopical changes are clearly observable in the rat cortex
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after doses arouud 20 rads. The available data suggest
that the radio-sensith'ity of the fectal nervous system
is of the same order as that of the most radio-sensitive
tissues of the adult.

21. In certain nmmmals, at least during the period
of organogenesis, structural changes involving the
central nen'ous system ha"e been obsen'ed following
exposure to a wide range of mutagenic or teratogenic
agents. These changes are similar, if not identical, to
previously described radiation etfects such as micro
ophthalmia. anophthalmia, microcephaly and gross de
formities of the spinal cord. The agents implicated and
observed to be causath'e include parts of the vitamin B
complex, Prussian blue. certain "pesticides" and cer
tain viruses. The induction of changes appears to be
much more directly and precisely related to the par
ticular stage of or~anogenesis at which exposure occurs
than to the "dose" of the mutagen. It is not at present
known if the same basic mechanism is involved as in
the case of radiation, nor whether there is a threshold
effect.

2. FUllctiollal challges

22. Gross mal£ormations such as those observed
after pre·,natal doses of 100 rads and higher, if com
patible with survival, are naturally accompanied by
severe functional impairment. The following paragraphs
will review functional changes in animals that do not
have overt structural malformations of the nervous
system.

23. Adult rabbits exposed to 300 roentgens of whole
body radiation (190-kV x rays, 1 mm eu, 0.5 mm AI)
on the twenty-third day after conception (last third
of gestation) show reduction of the amplitude of the
encephalogram and of the spike frequency and very
poor response to light stimuli.22 Another investigation
has shown electro-encephalographic changes after x-ray
exposures ranging from 150 to 400 roentgens.:m In
rabbits irradiated around the fifteenth day of gesta
tion, there was an increase in the proportion of high
frequency waves, whereas, in animals irradiated around
the twenty-third day of gestation, there were incre
ments in the amplitude of low-frequency waves and a
decrement at higher frequencies.

24. These changes in the wave spectrum may reflect
. structural disturbances in the different parts of the ner

vous system during corresponding stages of embryo
~enesis. In r.;eneral, low-frequency waves re.flect ac
tivity of subcortical structures, whereas high-frequency
waves reflect activity of cortical structures. Since radia
tion in the middle of the gestation period has more pro
found effects on subcortical than on cortical structures,
the electro-physiological changes seem to be correlated
with the morphological changes.

25. Electro-encephalograms and electro-corticograms
have been recorded in rats given 200 rads on the
seventeenth, nineteenth or twenty-first day of gesta
tion, or on the third day post-natally.24 Such pre
nata11y irradiated animals when at rest exhibit a rd:-, ,
tively high frequency of "spiky" waves. This may be
attributed to impairment or absence of the outer cortical
layers which are usually linked with the thalamus and
which inhibit thalamic discharges. Amplitudes, both in
the electro-encephalogram and in the electro-corticogram,
are somewhat smaller than in normal animals. In the
exposed animals, auditory stimulation blocks less readily
the large-amplitude slow-wave activity. Animals irra
diated post-natally do not differ from controls. On the
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wholc, the changes in electra-cortical activity arc less
marked than the structuml damage. On the other hand,
no electro-enceplmlogmphic abnormality has been ob
served two weeks after birth in rats that had received
100 rads nine da)'s after conception.:lll

26. The auditor)' threshold for sound-stimulated
seizures has been shown to be lowered in rats that
received x-ray doses of 25 to 100 rads between the fif
teenth and the twentieth day of gestation,:!u whereas
doses of 5 to 15 rads did not change susceptibility.2i
Studies with electra-convulsive shock have produced
results similar to those obtained with auditory stimula
tion. Rats which have received 100 rads on the four
teenth day of gestation show an earlier response and a
lowered threshold for shock-stimulatcd seizure. The
results may be ascribed to impairment of inhibitory
elements in subcortical areas.

27. Motor reflexes in rats nre also affected by pre
natal x irradiation. In animals irradiated On the tenth
day of b~station, 20 rads are ineffective, but 100 rads
induce ataxia. In addition, righting refle.'i:es are affected
in fcmale animals, while males exhibit myoclonus. Both
males and females that have received 185 racls on the
fifteenth day of gestation show deficits in righting and
hopping reflexes, as well as ataxia, myoclonus, spas
ticity, seizures and other neurological 1110tor defects.:!8
Various locomotor tests have also demonstrated deficits
in animals receiving doses of 50 rads or more pre
natally and early post-natally.:!lI·:1O In general, the
deficit is directly related to the dose and, between
the fifteenth day of gestation and the first few post
natal days, is less pronounced the later the exposure.
Attempts to correlate the 1110tor deficits with cerebellar
damage have yielded ambiguous results.:ll Tests of
motor performance have involved non-motor nervous
activity, thus complicating the problem of finding simple
correlations between structure and function. It has
also been shown that fractionated daily exposure
throughout t:regnancy (1 to 2 md per day) reduces
locomotor activity.:12

28. Different measurement techniques used by a
number of investigators have shown that rats receiv
ing fr0111 20 to 200 rads between the thirteenth day
of gestation and birth show hyperactivity when placed
in novel environments.:!3,33'35 Although the minimal
effective dose depends on the measurement technique
used, it clearly varies with the age at the time of
exposure. \Vhen irradiated animals become familiar
with the situation, they do not differ from controls.
Hyperactivity is part of a general syndrome seen in
pre-natally irradiated rats ancl mice, which may be
defined as increased arousal by novel stimuli. It mani
fests itself in increased, non-directed, locomotor acti
vity and slower specific response to novel stimuli,a.t
more rapid conditioning it; simple aversive situa
tions/w. :li increased heart-rate reactivity,3.t slower adap
tation to food-and-water-deprivation schedules38 and
slower adar>tation to th~ environment,311

29. ·While most investigations reveal increased ap
pre.hensiveness and restlessness in animals thus irra
diated, negative findings have been reported after 150
rads on the thirteenth or fourteenth day of gestation.3s

30. Behavioural alterations in rats are also ap
parent from studies of brightness-discrimination learn
ing which has been reported to be reduced at six
months of age after some 150 rads on the fourteenth
day of gestation and after 300 rads on the eighteenth
day.40 Likewise, olfactory discrimination is drastically
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reduced in rats after 200 rads of x rays on the sixteenth
dav of gestation,'ll and distance discrimination after
lob rads:12 Performance of visual pattern discrimina
tions, on the other hand, appears to be unaffected by
150 to 200 rads, us tested on the thirteenth, fifteenth,
seventeenth or nineteenth day of gestation despite the
major cyto-architectural alterations present in the cor
tex:1

31. Alterations of maze performance after pre-natal
irradiation have been reported from a number of la
horntorics. Though most investigations show a deficient
response (as measured by learning time and the num
ber of errors in selecting alternative routes) in rats
that have received 100 racls or more during the second
und third week of gestation,·ls. H as well as in rats ir
radiated during the first few days after birth,411 there
have been observationss3 of improved performance after
in 'IItero exposure, particularly in females.

32. The effects of pre-natal irradiation on learning
processes are also shown by studies on the acquisition
and consolidation of conditioned reflexes. Most of the
investigations used light and sound as stimuli for con
ditioning rats to perform a mechanical operation, such
as opening a gate, necessary to obtain food. \;Yhile 200
rads on the fifth day after conception failed to produce
significant changes in the conditioned performance,4G
irradiation on the twelfth day altered significantly most
of the indices by which it was assessed. Thus, the con
solidation of a negative conditioned reflex after the
positive one had been established was significantly ac
celerated after 50 rads, but delayed after 100 and 200
rads as compared with ttllirradiated controls. In gen
eral: the alteration of the conditioned reflex activity
became greater with increasing dose.4i

33. Study of the conditioned reflexes at various ages
showed progressive deterioration of the reflexes in
animals given 50 and 150 rads on the fourteenth day
after conception, the impairment being more pro
nounced among more highly irradiated animals.48 Sim
ilar observations were made on animals receiving 10
rads per day during the first twenty days after con
ccption.49

34. Irradiation on the eighteenth daySll at doses of
200 rads delayed the occurrence, but particularly the
consolidation, of both positive and negative conditioned
reflexes. The effect appeared to be larger, with reflexes
involving light than with those involving sound as a
conditioning stimulus. Differences between controls and
animals treated with 50 rads appeared to be smaller
and mostly non-significant.

35. Alteration of formation and consolidation of con
ditioned reflexes has been reported after a total dose
of 20 rads fractionated (1 rad per day) over most of
pre-natal life.s2 Effect" have also been observed after
a single dose of 1 rad to the exteriorized uterus on the
eighte.enth day after conception50, III in the course of a
highly complex experiment involving a number of dif
ferent light and sound stimuli. Differences between
irradiated and control rats, as judged by some of the
indicators of conditioned reflex activity, such as lat~nt

period and intensity and duration of responses, were
small but significant. The experiment is the only one
showing effects at such a low dose level. Further inves
tigations seem to be required before the functional
change due to acute pre-natal exposure to very low
doses of radiation can be properly assessed.
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36. In summary, even when gross structural mal
formations are absent, functional and behavioural dis
turbances, particularly of the learning processes, are
consistently seen after birth in animals exposed pre
natally to high doses of radiation at an appropriate
time. These obsel"\'ations are not very surprising in
view of the histological changes that high doses of
radiation consistently produce in the developing brain.
However, clear-cut correlations between the various
functional disturbances and morphological malformations
have not been established. Although there is extensive
literature On both structural disturbances and func
tional changes, few attempts have been made to inte
grate the two lines of research.

37. Though comparisons are difficult, conditioned
responses appear to be generally affected at doses lower
than those required to impair maze performance or
discrimination learning, although it should be pointed
out that not all indicators of conditioned reflex activity
always demonstrate deficits. It may also well beli2 that,
when the whole nervous system is challenged by a task
such as running a maze, the deficit of individual con
ditioned reflexes is virtually balanced by the interven
tion of alternative and still undamaged processes and
pathways.

38. It is not clear whether the results of the animal
experiments can be extended to human situations. All
that these experiments show is that certain processes
which involve higher nervous activity may be affected
by pre-natal irradiation. In higher animals, including
man, similar effects may occur, but to what extent and
at what doses these may impair the functional integrity
of the individual can only be ascertained through
observations in the species concerned.

B. EFFECTS IN MAN

1. Pre-natal irradiation

39. The literature records several scores of sporadic
observations of children with developmental anomalies
who had been exposed b~ utero, mostly unintentionally,
in the course of therapeutic radiological procedures,
including, in a few cases, unsuccessful attempts at
terminating pregnancy. Though doses, as well as the
size of the populations at risk, are uncertain, useful
information on the type of defects produced and en
the critical period for irradiation during pre-natal life
can be derived from these findings.

40. The various reviews of the literature made in
the 1920s and 1930s largely overlapped each other.llS-llll
Additional cases were surveyed in a recent review.56

The most informative analysis of the published cases
of pre-natal irradiationlli-ll9 compared the offspring of
women irradiated during pregnancy with the offspring
of women irradiated before pregnancy. The latter group
comprised 417 live-born among whom three had devel
opment~l defects involving the nervous system (one
born wlth exposed brain and two recorded as "micro
cephalic mongol" and "hydrocephalic mongol", respec
tively). Among the seventy-five children of women
irradiated during pregnancy, eighteen were reported to
be microcephalic, four had other forms of severe distur
bances of the central nervous system and one had devel
opmental defects, mostly skeletal, involving the head.

41. The proportion of offspring with defects of the
central nervous system was therefore far higher after
in utero than after pre-conception irradiation. \;Yhile
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no microcephalics were observed in the group irradiated
before conception~ nearly 80 per cent of the malformed
children irradiated h~ '/Ice-ro were microcephalics. One
of the microcephalic children was reported as "mon~

goloid" and most of them as "idiots" or "imbeciles".
In most cases~ microcephaly was associated With eye
troubles of various grades of se"erity~ including two
cases of amaurosis.oo

42. Detailed quantitative information is lacking) but
fectal doses are believed to have been high in most of
these cases. In many~ doses were multiple~ and in some
they were received over a period of time from intra
cavitary sources. The reasons for the irradiation were
usually unrelated to the pregnancy~ which in most
instances was, in fact, unrecognized at the time of the
exposure. Among the microcephalic children, all but one
had been irradiated at least once between the second
and sixth month of intra-uterine life~ the exception
having been irradiated during the first month only.6o

43. Because of sampling and other uncertainties~

these early data have limited value. No quantitative
conclusion can be derived from them because doses,
although likely to have been high, are inadequately
known, but results strongly suggest that microcephaly
and mental retardation can be induced by fectal irradia
tion. Although the irradiations were carried out on
a variety of medical indications, it is not possible
entirely to rule out, an association between develop
mental defects and the conditions necessitating the
irradiation.

44. The study of children acutely exposed while
in utero to the explosions of Hiroshima and Nagasaki,
however, provides independent information on the
effects of pre-natal irradiation in man. This also is
not in itself unambiguous, since irradiation was asso
ciated with other physical traumas that might also
have contributed to the eventual effect.

45. Head size and mental retardation were first
recorded at Nagasaki in 1951,°1 subsequently at Hiro
shima when the children were nine years oId62 and
again at Nagas"lki when the children were between
thirteen and fifteen years of age.oa, 04 The results of
surveys made at seventeen and twenty years of
ageOG•6i have now become available. T~1ey include 1,613
children, or about 16 per cent of all the live-born in
both cities that were in 1ttero at the time of bombing.

46. The survey carried out at seventeen years of
age indicatedOG that, in both cities and in both sexes,
mean head circumferences were significantly smaller (by
about 1 centimetre or 2 per cent) in the offspring of
those that were within 1.5 kilometres of the hypocentre.
Dependence of the effect on the age of the fectus at
the time of irradiation was not clearly apparent.

47. The same survey also investigated60 the preva
lence of mental retardation, which was diagnosed only
if a subject was unable to perform simple calculations,
to make simple conversation, to care for himself or if
he was completely unmanageable or had been institu
tionalized. The results of the survey are shown in
tables I and H,b indicating a striking relationship

b The Nagasaki data in tables I and II differ in two respects
from those originally published: (a) comparison with other
sources indicates that, at Nagasaki, a case of mental retardation
that was assigned a distance of 1.7 kilometres actually belonged
to the proximal ["OUP, as shown in the present tables; (b) the
original tables were inconsistent with each other with regard to
the total number of individuals exposed in the !lroximal and
distal groups at Nagasaki. This inconsistency has been removed
in the present tabulation.08
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between prevale.nce~ on the one hand~ and both distance
from the hypocentre and the age of the foetus at the
time of irradiation~ on the other. The tables do not
contain data on the offspring of WOmen between 2.0
and 3.0 kilometres from the hypocentre~ as these were
not included in the survey.

48. It is remarkable that~ in both cities~ all cases of
mental retardation within two kilometres from the hypo
centre were born between November 1945 and March
1946, corresponding to exposure between the sixth and
the twenty-fourth week of pregnancy~ with a peak fre
quency at thirteen weeks in the proximal group and at
fourteen weeks in the distal one, whereas the few cases
beyond 3.0 kilometres were randomly distributed with
respect to the time of explosions. It must be added that~
as indicated in table H, a few (so-called "explained")
cases of mental retardation were associated with diseases
that might themselves have caused retardation.

49. Comparing (table H) the distal group (1.5 to
2.0 kilometres) with the combined controls (subjects
beyond 3.0 kilometres or not in the city at the time
of bombing) born during the period November 1945
to March 1946, it appears that the prevalence of mental
retardation in the distal group at Hiroshima is about
2 per cent, which is higher than that in the control
populations, although the difference is of doubtful sta
tistical significance.c No cases of mental retardation
were reported in the distal group at Nagasaki.

50. A surveyOi made at Hiroshima twenty years
after the bombings includes further details on cases
appearing in the surveys above. It contains additional
tabulations on the relations between distance, head size,
period of gestation and mental retardation (tables HI
and IV). It is interesting to note that, while the results
of the survey largely bear out the observations made
ten years earlier~ two subjects considered retarded in
the survey at ten years of age02 were not so considered
at twenty years, and two that were considered normal at
ten years proved to be mentally retarded subsequently.

51. Evidence from the survivors of the bombings
does not rule out the possibilities mentioned earlier that
the observations might, in part, be the results of trauma
due to blast or fire, but the Committee is not aware
of other reports concerning mental retardati?l.l or micro
cephaly attributed to these or other calamities. It ~lso
seems impracticable to attempt to evaluate the posslble
role of nutritional deficiencies in this situation.

52. Based on the tabulations in tables I to IV,
there seems little reason to doubt that, at some critical
period during gestation, doses such as were received
in the proximal areas (presumably of the order of
100 rad or more) are associated with an increased
incidence of reduced head size and of mental retarda
tion. Based on currently available estimates of air
doses in the two cities,60 rough calculations can be
made as' to the relationship betwr"'n incidence and
dose at high doses. These calculatiom suggest that the
frequency of mental retardation with reduced head
size is of the order ·of 10 per cent per hundred rads
(1o-a per raci).

c \\Then "explained" cases are excluded, the prevalence in the
distal group at Hiroshima is about nine times that in the I-liro
shima controls born during the same five-month interval (com
prising three cases of mental retardation among 171 exposed
as against one among 532 controls), but the ratio is reduced to
between three and four if controls are broadened to include
those in both cities, regardless of month of birth, "explained"
cases still being excluded.
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53. Similar calculations based on data from the
distal groups mentioned in paragraph 49 might indicate
a similar magnitude of effect, but no firm conclusions
indicating possible effects of low doses can be drawn
from this information. In this instance, the observed
frequencies are small and therefore exposed to wide
sam~ling fluctuations, and any conclusions are also
particularly susceptible to other difficulties common to
epidemiological surveys.

54. The prevalences of mental retardation shown by
the surveys are not to be read as true rates of induc
tion without further qualifications. They are frequencies
observed among conceptuses that have survived intra
uterine life and early childhood until they were
recorded in surveys. For further enlightenment on this
point, the results of sun'eys of mortality in live-born
children who were in utC'ro at the time of bombing67• 70

and early data from Nagasaki61 giving information on
fectal mortality in relation to distance have been con
sulted. The evidence available from these sources indicates
that ignoring fectal mortality does not entail an over
or underestimate of the rate of induction by more
than 25 per cent in the proximal group and that it
induces no bias in the distal group. There is only a
suggestion of a higher mortality among retarded chil
dren with reduced head size at Hiroshima than among
controls, but certainly no more than a minor correc
tion in prevalence rates would seem to be indicated.

SS. Recent data68 have been supplied to the Com
mittee, which take into account actual estimates of
doses<1 to the individuals shown in tables I and n.
This information is given according to dosage groups,
but not according to month of birth, and is presented
in table V.

56. From this tabulation, there appears to be no
significant difference between the incidences of the
control groups and those of the groups receiving low
doses, that is, less than 50 rads. As shown in columns
A and B of table V, the three groups receiving higher
doses show significantly increased incidences with in
creasing dose (up to 36 per cent in those receiving
doses higher than 200 rad). In view of the small
numbers of affected individuals in the various groups
and of differences in the quality of the radiations
received in the two cities, it does not seem reasonable
to attempt to estimate the form of the relation between
dose and incidence. In so far as the derived percentages
indicate significant differences between control and
irradiated groups, the relation between dose and fre
quency is comparable to that derived from cruder data
in paragraph 52. It may be noted that three of the
four cases in the distal group fell into the lowest
dosage category and were so located that they could
not bave received more than 5 rads.

57. It is of interest to compare these observations
with those on leukremia induction rates during a
twelve-year period (1947-1958) among the survivors
of post-natal irradiation at all ages in the two cities.71

These figures are given in table VI. On the other hand,
mortality and morbidity surveys at Hiroshima and
Nagasaki have failed to show any increased prevalence
of leukremia7:l or neoplasms,73 even among the groups
more heavily irradiated in utero) in striking contrast
with the rise in mental retardation and reduced head
size observed even in lightly exposed groups. Such a
discrepancy is unlikely to be accounted for by differ-

d The doses given include estimated contributions from both
gamma rays and neutrons. These were added without weighting.
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ences in the resolving power of the various surveys
and suggests that, under conditions of single short
term irradiation between the sixth and the twenty
fourth week of pregnancy, the risk of mental retarda
tion is much higher than the risk of leukremia being
induced by radiation at any time during pre-natal life.

58. This conclusion is not disproved by the nega
tive evidence from surveys designed for other pur
poses,H, 7(; which huve not shown any excess of men
tally retarded among children exposed 1'n ~~tfJro for
medical reasons. Though these surveys have involved
sizable samples, only a small iraction of the children
were irradiated during the critical time for the induc
tion of mental retardation, most of the cases having
been exposed during the last four months of pregnancy.
Even if, at the low doses that were presumably
received, the rate of induction had been that suggested
by the Hiroshima data, the expected excess of retarded
children would have been too small for detection.
In the present context, therefore, these surveys merely
confirm that mental retardation is not induced by
radiation during the last stage of gestation.

59. It may be emphasized that theoretical con
siderations are of little help in suggesting what sort
of relationship may exist between dose and incidence of
mental retardation, since the mechanism by which it
is brought about is almost wholly unknown. It might
be supposed that both mental retardation and micro
cephaly, when due to pre-natal irradiation, reflect
destruction and disturbance of the arrangement of
large numbers of cells in the cortex, and hence the
proportions of affected individuals might not be
amenable to the same relatively simple types of formu
lation that have been used t'1 relate dose and effect in
such cases as genetic and cytogenetic damage. Also,
since the distributions of head size and intelligence
are continuous, the sorting out of individuals into those
affected and those unaffected requires choice of an
arbitrary cut-off point as the criterion of damage.

60. Since there is doubt about the magnitude of
the expected incidence of mental retardation at doses
below those received by the proximal group at Hiro
shima, it will be important to confirm or disprove,
on subjects other than atom bomb survivors, the e.."'(
istence or degree of radiation induction of mental
retardation during early pregnancy. Sufficiently large
surveys of the offspring of women irradiated at low
doses during pregnancy may disclose an excess of in
utero exposure among certain categories of retarded
children. On the other hand, no effort should be spared
to secure all the additional information that can be
extracted from the survivors of the bombings.

61. Mental retardation is not the only serious effect
in the nervous tissue that is associated with pre-natal
irradiation. Increased frequency of in utero irradiation
for medical reasons among children dying of malignan
cies of the nervous system compared to controls has
been observed in two surveys. Both were retrospective,
but one76 relied on the memory of the mothers of
the deceased children, whereas the other71 took ad
vantage of information from hospital records. The
observed excess in the latter survey indicates that the
incidence of malignancies of the nervous system is
about 40 per cent higher among irradiated children
than among those that were not irradiated-a relative
risk close to that observed for leukremias in the same
survey.
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62. As with all medical surveys, the possibility
cannot be excluded that the increased radiation risks
Illay be, at least in part, spurious, since there is no
way to separate the effect of radiation as such from
that of the matel'llnl condition that may have prompted
the exposure. Average doses to the fcetuses are un
known but are unlikely to have been higher than 5
rads. Because the surveys are retrospective, rates of
induction cannot be gh'en in absolute terms witlv;ltlt
making :\ssumptions with regard to the prevalence of
nervous tissue neoplasms among non-irradiated chil
dren. Information is insufl1cient to ascertain the critical
period for the induction of nervous tissue malignancies.

63. No excess of these malignancies has been re
ported in subjects irradiated ill IItero at Hiroshima
and Nagasaki.'1O The number of subjects so exposed
was too small, however, for increases of tumours of
the nervous system to ha\'e been detected in those
populations, uilless the rates 0 f induction had heen
much higher than the SUf\'eys previously referred to
suggest.

2. Irradiatioll dllril/g cliildllood

64. Irradiation of children during the first years of
life has been reported to result in a number of func
tional effects.is Thus, deep somnolence lasting for up
to fourteen days and arising frolll six to eight weeks
after irradiation of the scalp for epilation purposes (iO
kVp x rays,S mA, 0.5 mm AI, 26 cm focal distance,
13 min exposure) was observed in thirty Ulllong- 1,100
children so treated.'!!

65. InvestigationsSO of another group of children
treated with high cumulat.ive doses (up to several
kilorads) for hremangiomas and for various neoplastic
conditions between birth and thirteen years of age
sho'wed a high frequency of functional changes that
were observed two to seven years after irradiation.
Seventy children underwent electro-encephalographic
tests which showed local or generalized alterations in
fifty cases. These alterations consisted of a general re
duction of amplitude of the bio-electric activity of the
brain and, in fifteen patients, of rhythm changes in the
electro-encephalogram. Locally, those alterations were
more pronounced when irradiation had been localized
to part of the brain. Bradycardia and hypotension were
present in 50 per cent of the children that had received
irradiation to the head alone. Similar incidences were
reported by other authors.Sl • 82

66. Despite their intrinsic interest, the value of all
these investigations is limited by the absence of con
trols which makes it impossible to separate the effects
of irradiation from those of the disease for which the
treatment had been applied.

67. Increased incidence of tumours of the nervous
system within the radiation field (thre~ neurilemmomas,
one neurogenic sarcoma and one tumour of basal
ganglion in 36,000 man-years, against one astrocytoma
and one brain tumour of unspecified type in 54,000
man-years untreated sibs) , has been reported among
subjects irradiated in early infancy for thymic enlarge
ment and followed up for an average period of twenty
three years.S3• 84 In this population, the. highest excess
of malignancies is in respect to carcinomata of the
thymid (nineteen cases against none in controls) as a
consequence of the direct exposure of the gland to the
x-ray beam and with regard to leukremias (six among
irradiated children and two among controls). The
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excess of tumours of the nervous system is significant,
but the pertinent dosimetry is unknown so that it is not
possible to compare even cl'lldely their rate of induction
with that of the other types of malignancies. A similar
survey of children irradiated between eight and eleven
years of age a" j followed up until the average age of
twenty-two ye.!r's has shown a non-significant excess of
brain tumours among them (two in about 17,000 man
years) as compared to their untreated siblings (two
in 58,000 man-years).S:i

68. Other evidence for the induction of tumours of
the nervous tissue by radiation is provided by a survey
of children whose scalps were irradiated for depilatory
purposes in the treatment of ring-worm infection.8o• 8 '1
Most of the brain was estimated to have received doses
within 20 per cent of 140 rads.ss The age at irradiation
was about seven years, and the follow-up time was
around fifteen years. A group of children with ring
worm, who had been treated at the same time by means
other than radiation, served as controls. The two
groups appeared to be comparable with regard to sex,
race and family income distribution. Microsporllm
lalloslIl1I, however, w:\s comparatively more frequent in
coutrols than among irradiated children.

69. Three confirmed brain tumours (two astrocy
tomas and one malignant glioma) were reported among
the irradiated (approximately 30,000 man-years), as
against none in the control group (approximately
20,000 man-years). Vlith the doses mentioned in the
previous paragraph, this would correspond to a yield
over a period of some fifteen years of about ten cases
per rad per million exposed, if proportionality of dose
and incidence were assumed. Other malignancies also
were observed among the irradiated subjects including
four cases of leukremia, or roughly the number ex
pected for adults from the man-years at risk and the
mean marrow dose (about 50 rad) that is obtained by
averaging over the whole bone marrow the dose re
ceived by the bone marrow contained in the skull.

70. The induction of nervous tissue malignancies by
irradiation is therefore suggested by three surveys of
irradiated children. Data are still too scanty to permit
a reliable estimate of the rate of induction per rad for
any given radiation exposure, though at least the survey
referred to in the previous paragraph suggests that, at
a dose between 70 and 175 rads, the rate is likely to
be of the same order as that of leukrcmia induction in
the adult.

71. The same survey also reveals a significant excess
of confirmed cases of mental disorders among the
irradiated, the over-all incidence being 2.5 times higher
than in controls. Mental disorders include personality
disorders (eighteen irradiated cases, three controls),
psychoneuroses (twenty-five irradiated, six controls)
and psychoses (twenty-one irradiated, nine controls),
the latter all involving schizophrenia, with a higher
relative prevalence of the paranoid type among the
irradiated than is observed among controls.

72. These observations are of the highest interest
but must be taken with a great amount of caution.
The incidence of mental disturbances is notoriously
affected by a number of social, environmental and
genetic factors that are difficult to allow for. In the
survey ttllder review, only race and the income bracket
of the subjects have been considered. It would appear
that a very close analysis of further variables is re.
quired before final judgement on the results with
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regard to the induction of mental disorders can be
formed. Such an analysis is in progress.SIl The results
of a similar, but larger, sUr\'ey currcntly under wayllO
may also be useful in clarifying the issuc.

Ill. Effects Oil the mlult organism

A. CJmTRAI. NERVOUS SYSTEM

1. Tile central nen'ol/s s)'ste/n radiation syndrollle

73. The radiation dose needed to induce dramatic.
early neurological disturbances in adult animals, with
the e.,ception of the burro,lll is much larger than the
dose needed to cause gastro-intestinal or haematopoietic
death. The so-called central ncrvous system radiation
syndrome, where death within one to three days is
due to irradiation of the head alone or to the whole
hody, requires. in the mouse for instance, doses of the
order of 10 kilornds.ll:l

74. In guinea pigs receiving 25 kilorads to the
whole body, initial depression of motor activity is
followcd by enhanced motor activity and by extensor
rigidity.u:I• IH In whole-body irradiation of hamsters
with 8 kilorads, disturbances of equilibrium develop
quickly, but seizures do not occur.n4. In dogs, only
lethargy after whole-body exposure to 10 Idlorads is
seen,llil whereas burros become aggressive,uo In rabbits
rcceiving 4 to 9 kilorads to the head only, a two-phase
syndrome consists of initial apathy, which is dose
indepcndent in the range studied, followcd within
hours by ataxia, posture disturbance and epileptiform
seizures.\)7 The second phase is strongly dosc-dependent
and has been reported to show a threshold of about
6 kilorads (however, see paragraph 102).

75. In monkeys, sevcre neurological signs and death
in the central nervous syndrome are seen within two
days after whole-body doses of about 10 kilorads.\)S
Doses between 2.5 and 30 kilorads usually give rise
to an early hyperexcitability followed by an early
transient incapacitation. lIs. llll Partial recovery, the dura
tion of which is inversely related to dosc, follows this
early incapacitation. Subsequently and abruptly, a
phase of permanent complete incapacitation sets in. No
partial recovcry is scen after 50 kilorads, and perma
nent incapacitation within 30 seconds is seen in nearlv
all animals at 100 kilorads.oo •

76. Onc case of radiation accident in 1958 has
shown, after an cstimated head dose of about 10 kilo
rads of mixed gamma neutron (2:1) radiation, clinical
symptoms primarily associated with damage to the
ccntral nervous system.100 The course, from exposure
to death, lasted thirty-five hours. The sequence of
clinical signs and symptoms fell within the pattern
predicted on the basis of animal experiments. The
main neuropathological finding in the brain was a
scvere oedematous condition.lol

77. Extcnsive studieslO:l. 10:1 werc made of the brains
of forty-nine Hiroshima and Nagasaki casualtics who
died between sixtccn days and six years after the
bombing. 1tlental and neurological disturbances were
noted in several of these paticnts. No correlation be
twecn these disturbances and distancc from the hypo
centre could be found. All casualties showed signs of
acute radiation sickness, and all became severely anaemic.
Pathological changes varied from mild to pronounced
and consistcd predominantly of hremorrhagcs and peri
vascular ncuroglial nodules. In some cases, foci of
nerve cell destruction of varied size were found in the
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ccrebral and the cerebellar cortex. The changes. in
general, were those of a "ascular permeability disturb
ance. They were similar to the changes found in con
trol cases of aplastic an::emia. To what extent brain
changes were directly induccd by radiation and to what
extcnt tll~y were abscopally determined thus remains
problematiC.

7S. In ten patients surviving accidental gamma and
ncutron irradiation (average body dose 500 to 600
rad, average hcad dose 800 to 1,000 rad) cerebral and
meningeal signs, as well as changes in the ocular
fundus, were scen soon after the irradiation.lll4. In
another accidcnt involving onc person, gamma irradia
tion of the abdominal and lumbar regions and of the
left thigh was massi"e, doses in the lumbar region of
the spinal cord having been estimated at 3 to 5 kilo
rads.104.. IOu The obscrved clinical signs of cord damage
could be correlatcd with findings seen at autopsy eigh
tcen days after the accident. Thcre was se"ere oedema
of the lumbar segments of the cord with occlusion of
the spinal canal and scvere degenerative alterations in
ncurons of the anterior and posterior horns as wells
as in the fibres of the spinal cord.

2. Structural changes

(a) Cel/ular and sl/bcel/ular changes

79. \~Then special methods are uscd, structural
alterations in cellular components of the brain are
commonly seen at doses of ]00 rads or more. A few
general, mainly qualitative, remarks regarding cellular
reactions are pertinent here.

80. The 11ellrOllS of the adult are stable amitotic
cclls, as shown by their inability to incorporate radio
activc precursors into their DNA.~oo. 107 In gcneral,
they have a high intrinsic resistance to radiation.
A dose in excess of 250 kilorads is required to destroy
the nerve cclls of the cerebral cortcx of the mouse
within thirty days after irradiation by a beam of
deuterons 25 micrOll1etres in diameter.~os, lOO A field
of this size contains relatively few blood vessels so
that the effects may be more directly related to neuronal
damage. Alpha-particle irradiation of a large field of
the cerebral cortex of the rat in a peak dose of 15
kilorads destroys nerve cells within sixty days.ll0
The greater effectiveness of the radiation under the
latter cQ1~ditions is probably due to the supplemcntal
factor of tissue isch::emia brought about by altered
blood flow in the transirradiated blood vessels.111

Species differences in vulnerability exist. Granule cells
of the cercbellar cortcx become necrotic within a day
or two at 5 kilorads in the mouse,112 but not in monkeys
in t1le same period at a larger dose given to a wider
field.08, 113

81. Glial cells are, in general, far more radio
vulnerable than nerve cells, whether cell death or struc
tural changes are taken as an end-point. Astroc~}'tes

respond within two days, by glycogen deposition, at
a close as low as 500 to 600 rads.114-uo This is probably
a reflection of reduced aerobic metabolism of the brain
tissue,117 As revealcd by metallic staining, astrocytes
may become hypertrophic within three weeks or
longer after doses of 100 rads or more,118 this being a
reflection of altered vascular permeability to proteins.
Oligodendroglial cells, associated with the myelination
process, undergo acute swelling or hypertrophy also
in a wide dose range. In rats and mice, but not in
other animals investigatcd, these cells may selectively
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undergo necrosis after an x-ray dose of 150 to 200
rads. ll1),120 Microglial cells become activated, and
blood-bome lymphoid cells may enter irradiated brain
tissue at doses of 100 rads upward.llS Subepelld'j'lIIal
glial cells become necrotic at doses of 150 to 250 rads
in rodents,ll°·120 but not in monkey or man.111

82. Blood vessels also are relatively radio-vulnerable.
Tiny vesicles found in endothelial cells within one
hour after x irradiation at doses of 100 rads or more
are probably a morphological expression of altered
vascular permeability. The response, which can be seen
also in pericytes, is reversible at doses up to 500
rads.121.122 The time period at which altered vascular
permeability commences varies with the species. At a
given dose of high-energy alpha particles the blood
vessels in the brain of the monkey show a much earlier
increase in permeability to sodium fluorescein than do
the vessels of tIle rabbit, and the vessels of the rabbit
a much earlier increase than do those of the rat.123
In the rat, it has been shown that vessels suffer first
(in the form of circulatory stasis, followed by leakage
of trypan blue) and that necrosis occurs in nerve cells
afterwards (10-20 had, >185 l\'IeV protons) ,12-1
Support of the view that nerve-cell damage is vascular
dependent comes also from the observation that dia
pedetic hremorrhages in the diencephalon precede nerve
cell alterations after x-ray doses of 20 kilorads.125
The distribution of damaged nerve cells in the irradi
ated cerebral cortex' occasionally assumes a laminar
pattern, which has been taken as evidence of in
adequacy of the circulation to meet local needs. Such
a pattern has been noted in the rat following 50-rad
fractions given once a week up to a total of 250 rads.126

83. Effects of radiation on neuronal ribonucleic
acid (RNA) at low doses12i and their possible rela
tion to functional alteration are of interest because the
formation of RNA in nerve cells may be related to
mental activityps. 120

84. Differing radio-vulnerability exists for various
subcellular structures. It has been found that, in spinal
ganglia, karyosomes suffer first, then the endoplasmic
reticulum (20 krad, 185 MeV protons).130 Labelling
techniques have shown that radiation effects on inter
phasic cells include conspicuous interference with the
formation of RNA, a DNA-dependent process,131.133
Interphase cell death has also been connected with
direct radiation damage of cytoplasmic organelles, in
particular of the mitochondrion (the self-replicating
organelle involved in cellular energy metabolism) and
of the lysosome from which destructive hydrolases may
be liberated after membrane damage.131

85. The dose-survival relationships in nerve cells
are highly complex. This is illustrated, for example,
by a study of retinal cells in mice irradiated between
four and ninety days of age.134, 135 As the visual cells
undergo maturation, the survival function changes
from a simple exponential to highly complex curves
with high extrapolation numbers (> 1,000) ard
wide initial shoulders.

86. Electron microscopic observations have shown
that the relative vulnerability of vessels, compared
with that of the astrocytes, varies. In one study on
the cerebral cortex (hamster), capillary damage was
considered the initial event, mainly on the basis that
oedematous swelling became apparent in astrocytes be
fore changes could be found in endothelial cells, im
plying a vasculo-astroglial permeability defect (x-ray
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dose, 15 krad).136 In another study on the cerebral
cortex (guinea pig), the capillary endothelium was
found unaltered although adjacent cells were necrotic
(surface dose of alpha particles, 20 krad).137 In a
study of the cerebellar cortex (guinea pig), vessels
appeared spared, yet tissue cells were severely damaged
(gamma-ray doses, 1-2 krad).122

(b) HistOlogical alld 1'clatcd metabolic changes

87. Depending on radiation quality, dose and field
size, structural alterations of the nervous system may
appear as acute effects within hours or days after
irradiation and may involve varying pattems of
exudative phenomena, glial cell hypertrophy and cell
and tissue necrosis. Large-field irradiation of the brain
can even result in rapid tissue necrosis, as has been
observed within a few days following doses of 7 kiIo
rads (23 MeV x rays) or more.13S. 130

. 88.. ~Vhe~l equal dose~ are absorbed, whole-body
lrrachatton IS more effecttve than head-alone irradia
tion in bringing about certain changes in the brain,
greater depression of RNA labelling in the cytoplasm
of nerve cells in the brain (at 500 rad) ,140 greater
water increase in the brain tissue in certain areas (at
100 rad)H1 and greater reduction in alkaline phospha
tase in vessel walls and brain tissue (at 10 krad) .142

(c) Latc (delayed) effects of irradiation

89. Experiments with implanted seeds containing
radio-nuclides have provided information on the effects
of continuous irradiation. For example, after intra
cerebral application of gold-198 or yttrium-90 in doo-s,
necrosis developed within the range of the beta radia
tion after a period of three to six days corresponding
to a cumulative dose of 10 to 20 kilorads.143'14u

90. The evolution of the late reaction in the brain
and ~pinal cord varies widely.l11,143'154 In monkeys,
late tIssue necrosis has been observed at doses of 624
rads (2 MeV x rays),11s 800 rads (14 MeV fast
neutrons, 55 MeV protons)1ll·lu5 and 1,500 rads (250
kV x rays, 23 MeV x rays).156.109 In man, the smallest
x-ray dose known to have produced late tissue necrosis
is 1,250 rads; in this case, exposure was through mul
tiple ports at intervals over a twelve-hour period.160
The observation in experimental animals, that latency
for the development of late necrosis is inversely
related to dose and volume irradiated/61. 162 finds
many exceptions in patients given fractionated ir
radiation. A fractionated dose which, in man, usually
causes necrosis within three to twelve months may, in
other cases, not result in necrosis until after a lapse
of five to eight yearsY,2. 163. 104

91. Late necrosis of brain or spinal cord tissue
sometimes occurs in human subjects given fractionated
radio-therapy for intracranial or extracranial tumours
or other conditions. The suggested lowest fractionated
x-ray dose (fieIc1 size, 100 cm2 ) that may produce
cerebral necrosis in adults has been estimated to be,
for example, 3,300 rads given in 10 days and 5,200
rads given in 50 days. IOu Late radio-necrosis of the
lower brain stem and upper spinal cord foUowing
transirradiation of these parts of the nervous system
for tumour in the cervical region may occur, for
example, within one year after 5 kilorads given in
seventeen days.166,167
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92. Since there are many kinds of late radio
necrosis, it is likely that pathogenesis varies. In
creasing oxi-reductase activity in astrocytes, increasing
mitotic activity in vascular endothelial cells and oligo
dendrocytes and increasing cell population may, it has
been contended, contribute in various ways to a pro
gressive metabolic deficiency which may terminate in
tissue necrosis.1liS On the other hand, the close spatial
relationship of incipient parenchymal lesions to altered
vessels has been taken as evidence of a primary role
of circulatory and vascular disturbances in tissue
breakdown.10B Long-term electron microscopy observa
tions of the cerebral cortex of rabbits receiving 2,500
roentgens of x or gamma rays have revealed ultra
structural changes in virtually all cellular elements but
no tissue necrosis.10ll This suggests that some addi
tional factor is responsible for the necrosis. Circulatory
disturbances reaching a certain threshold incompetence
may be that factor.

(d) Rcpa.ir

93. Dose-rate studies have given an indication that
reparative processes may occur during the period of
irradiation. Oligodendrocytes (in rats) are more
severely altered when the brain receives x-ray doses
of 3 kilorads at 600 rads per minute than at 150 rads
per minute,17° Granule cells of the cerebellum (in
mice and rats) become necrotic at a dose of 1 kilo
rad if given at 1 kilorad per minute but not at 100
rads per minute. l71

94. That nerve cells can undergo repair shortly
after irradiation is inferred from electron-microscopic
studies in serially sacrified animals. Nerve cell damage
evident in animals sacrificed within a few hours may
not be found a day later in other animals. This applies,
for example, to cerebral cortical cells (3.5 krad) 172
and hypothalamic cells (5 krad),173 Biochemical
studies also indicate that repair is possible. If damage
of nerve cells is limited to the level of biochemical
disturbances, the cells have the potential for recovery.
In rabbits exposed to 2 to 3 kiloroentgens of x rays,
nerve cells removed from the brain stem and studied
in vitro showed increased cell mass, potassium excess,
increased RNA content and succinoxidase activity.174
By the twenty-fifth day, repair following 3 kiloroent
gens was apparently achieved. A tritiated thymidine
study of the rat spinal cord showed that the process
of repair tuns its course in a maximum of about two
weeks.107

95. The capacity of different kinds of nerve cells
to undergo repair varies. Following irradiation,
cerebellar Purkinje cells incorporate tritiated leucine
in proteins at an accelerated rate in twenty-four hours,
while granule cells take up none at all, suggesting
that Purkinje cells, as opposed to granule cells, are
capable of repairing or compensating the initial
molecular damage by stepping up synthesis.175

96. Increased synthesis of RNA and protein in
neurons and glia may be closely related to regrowth
of damaged or interrupted axons and dendrites. In
the rat, starting at about two weeks after irradiation
of the cortex at doses capable of destroying individual
cellular elements, axons grow in great abundance into
areas of cell depletion. These axons become myelin
ated, but the role of oligodendroglial cells in this
process has not been established. Moreover, regenera-
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tion of myelin occurs in axons demyelinated by large
dose irradiation.170.17s

97. In human subjects whose spinal cords have
been irradiated in the course of radiation therapy for
tumours of other organs, the damage that occasion
ally occurs in the cord following exposure above "toler
rance" doses is usually irreversible. That in some instances
the pathological process might be reversible is suggested,
however, by certain clinical observations. lOO, I7ll Neuro
logical signs and symptoms consistent with radiation
damage of the spinal cord have developed in such
cases but have later vanished; the clinical disturbances
have appeared after an average latent interval of four
months, following radiation doses of 2,600 to 4,200
rads to the cord delivered in forty-six to 100 days.
Autopsy in two cases of this kind has revealed no
evident histological change.17ll

98. 'iVhen adult nervous tissue is in a process of
reparative cellular proliferation, decreased resistance
to radiation should be expected. This has been ex
perimentally verified by studying DNA synthesis in
the regenerating hypoglossal nucleus of the rabbit
after crushing the hypoglossal nerve.1SO DNA-syn
thesizing neuroglia and endothelial cells are decreased
in number by more than 50 per cent from twenty
four to forty-eight hours after 100 rads of 200 kV
x rays, although no changes are observed in the retro
grade reaction of nerve cells or in astrocytes.

3. Fzt1lctiona.l cffccts

99. In this section, only those effects are considered
which either occur according to a delayed time schedule
or involve a permanent change, suggesting that com
pensatory or reparatory processes may be involvf:d.

100. In rats, studies of electro-encephalographic
patterns after whole-body x irradiation (700 rad) re
vealed characteristic modifications up to ten days after
exposure.1B1 At three to twelve hours after irradiation,
there was a significant decrease in both "high" (15 to
30 cps) and "low" (1.5 to 7 cps) frequency electrical
activity. Within the next two to three days, the
recordings were nearly normal. In the subsequent four
to ten-day period, only the low frequency component
decreased below the control level. The early change
of frequency seems to correspond in time with a period
of conditioned reflex depression found in another in
vestigation after head-alone irradiation. IB2 The latter
decrease similarly coincided in time with the condi
tioned reflex depression that occurred immediately
before and during acute radiation sickness.

101. The electrical activity of the prepyriform cortex
of the rat brain was studied after x-ray whole-body
closes of 250 and 500 rads. The animals presented an
increased amplitude and slightly decreased frequency
in the spontaneous electrical activity, as well as shorter
latency of evoked potentials. These changes occurred
for the duration of the experiment (thirty-five days)
at the higher dose but only during the first few days
at 250 rads.1B3. 1115

102. In rabbits, a slowing of the frequency of the
slow-wave component of the electro-encephalogram
with a concomitant rise of the amplitude was seen
after doses of 100 to 400 rads.184 A whole-body gamma
close of 400 rads gave rise to trains of slow waves
(1 to 4 cps) that appeared to originate from the hippo
campus and from there to spread to the whole cortex,
occasionally accompanied by spike activity.20ll Epilep-
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toid seizures in rabbits were seen in some cases after
doses of 400 rads or more.lStI

103. The hippocampus appears to be the brain
structure giving the strongest electro-physiological
response to whole-body or head-alone irradiation.1slI• lSi
Spontaneous hippocampal spike activity has been seen
for at least a few hours after 100 rads (possibly after
25 rad also) or more in rabbits that did not show
spike activity prior to irradiation.lss

104. In addition to recording the continuous elec
trical activity of the cerebral cortex, electrical changes
evoked by stimulation of sense organs or of some point
along the ascending pathways to the cerebral cortex
have also been studied. Thus, in rabbits, gamma irradia
tion (400 or 1,200 R) brought about changes in the
electrical activity of the visual nervous system (retina,
lateral geniculate body, optic cortex) which seem to
be related to dose.ISO.llll

105. In monkeys, acute whole-body exposure with
400 to 800 roentgens of 250 kV x rays failed to pro
duce significant changes in electro-encephalographic
patterns nntil near death.lo2 Head doses of 4.5 or 6
kilorads, however, resulted in general slowing of wave
frequency and increase in amplitude within the first
day after exposure, in some cases with patterns of
spiking reminiscent of grand mal seizures.los At the
same time, apathy and asthenia set in, followed by
poor co-ordination, loss of the pupillary light reflex
and myoclonic twitches and seizures.

106. A detailed analysis of the spontaneous and
light-stimulated electrical activity of the brain as
recorded by the electro-encephalogram was made in
twenty-one medically irradiated individuals.104 Regard
less of whether the whole body. the head or other
parts of the body had been irradiated, changes were
recorded both immediately after the termination of
irradiation and later. Generally, depression of both
spontaneous and evoked activity was seen both after
the first irradiation and during the course of repeated
radio-therapy (150 R twice a week or, in one case,
200 R daily, up to a total of 300 to 2,000 R). Persis
teHce of the alpha waves was accompanied by depres
sion of other electrical activity.

107. Studies of the threshold for the induction of
electro-shock seizures in irradiated rats provide further
evidence that irradiation gives rise to changes in
cortical processes. lOll. 107 The threshold for the seizure
decreased after x-ray doses of 450 and 950 rads whether
delivered to the whole body, to the head alone or to
the body alone. This has also been seen after doses of
500 and 10,000 rads of 50 MeV protons to the head.
After x-ray exposure, the threshold drop persisted for
a period of two to four weeks depcnding on dose in
the group receiving body-alone irradiation, but for six
months after irradiation involving either the head
alone or the whole body. vVithin the dose range ex
plored, proton irradiation produced similar drops
which lasted until the death of the animals or the end
of the experiments (two nlonths in this case). The
duration of the clonus was drastically and lastingly
reduced after 5 and 10 kilorac1s of protons, whereas
lower doses only produced small and transitory changes.

108. The action of irradiation on already established
conditioned reflexes has been the subject of a large
numbe.r of investigations.G2. lO8 Thus, a conditioned
avoidance response obtained in the rabbit by using an
electric shock as unconditional stimulus and a light
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flash as conditional stimulus disappearedloo completely
fifteen to twenty minutes after a whole-body exposure
of 500 roentgens (180 kV, 0.5 mm Cu + 1.0 mm AI,
70 cm). This was accompanied by the pronounced
weakening of the electric activity that usually accom
panies the conditioned reflex. The depression of the
conditioned reflex lasted from three to seven days, but
its recovery was not complete as the responses of the
animals remained unpredictable. A similar response
was elicited by irradiation of the head alone. In dogs,
single and fractionated whole-body e..~posures of 100
to 190 roentgens caused a temporary reduction of the
intensity of the conditioned reflexes.G2.202-20:l

109. At doses much lower than the lethal range
for whole-body irradiation, reports are conflicting.
The most severe but temporary disturbances are found
when complex sequences of interacting conditioned
reflexes are used, such as those requiring differentia
tion between stimuli of different type or different
strength.10

:! Thus, in dogs, serial conditioned motor
reflexes were only slightly depressed for a period of
two to four months after whole-body doses of 30 to 40
rads and subsequently returned to norma1.204 On the
other hand, in dogs given 10 to 50 rads to the parietal
region, the intensity of conditioned salivary reflexes
increased at the same time as disturbances of the in
ternal inhibitory processes of the cerebral cortex
occurrecl.:!Oii In another study,:!01I no changes of the
conditioned salivary reflexes of dogs receiving for thirty
seven weeks weekly whole-body doses of the order of
20 rads were observed. In this investigation, however,
only positive conditioned reflexes were explored, and
the authors did not exclude the possibility that a more
complicated situation involving discrimination of stimu
lus patterns and their temporal relationships might have
revealed e.ffects not seen in simple conditioning.

110. Contrary to what is seen in conditioning
experiments, studies of learning and discrimination
carried out with different techniques have, in general,
revealed no effect or only small deficits after irradia
tion of adult experimental animals, except at doses
at least close to the lethal range.20i. 208 In some cases,
the performance in accomplishing certain simple tasks
is even improved in irradiated animals until they are
near death.

111. With adult irradiation, as with individuals
irradiated antenatally, the response of conditioned re
flexes appears to be a more sensitive instrument for
exploring the effects of radiation on the nervous system
than other behavioural responses, but considerations
similar to those made in paragraphs 37 and 38 apply
to adult irradiation as well.

112. Alterations in spinal cord reflex activity have
been seen in dogs after whole-body irradiation with
x rays,160 and in rabbits after irradiation of the spinal
cord only (500 to 1,000 rad).161 Reflex activity ini
tially increases, then declines, and finally returns to
pre-irradiation levels. Suppression of spinal cord re
flexes reaches its maximum when radiation sickness
signs are severe. In animals that have survived irradia
tion, normal spinal cord function is gradually restored.
Other studies demonstrate that the latent period of
the shin-flexor reflex changes after whole-body x
irradiation (10 rad) of the rabbit.162 Initially, the
response time is shorter and the reflex shows greater
oscillations than normal. Repeated irradiation increases
the latent period, sometimes beyond control values.
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113. In man, local and whole-body doses (thera
peutical or accidental) of hundreds of rads (up to
1,000 rad) may result in changes of unconditioned
spinal reflexes which persist for years but eventually
disappear. Such changes are found only through special
investigations (electro-myography, reflexometry, myo
tonometry, chronaximetry, etc.). They can be observed
for five to ten years after irradiation.lo4, :HO, 211

114. Clearly the nervous system does show a variety
of changes. From the preceding paragraphs it may be
observed that, while changes in spontaneous or evoked
electrical activity may be seen after irradiation and
are usually of a non-permanent nature, the behavioural
and pathological significance of such changes has yet
to be appreciated.

B. PERIPHERAL NERVES, SYNAPSES AND RECEPTORS

115. The doses required to alter the physiological
properties of isolated peripheral nerves are extremely
high-at least 10 kilorads of x rays. Such doses are
followed by reduced amplitude of action potentials and
decreased conduction velocity of nerve impulses.212-2H
Heavy particles in similar doses stop conduction almost
immediately in the isolated sciatic nerve of the frog.2Hi

116. In rat sciatic nerves receiving in situ. doses of
3 kilorads of x rays given in three fractions of 1 kilorad
each, no electro-physiological .changes were detected
after three to eleven months, but major morphological
alterations were found in this time period in 25 per
cent of the animals so treated. The lesions consisted of
multifocal necroses of the sciatic nerve associated with
degenerative changes of vascularization in it.2lG

117. The mechanisms whereby changes of the bio
electric activity of nerves, and of receptors as well, are
produced are not well understood. Various experiments
strongly suggest that the effect of radiation involves
at least two processes: (a) induced increase in passive
ion permeability and (b) the impairment of the energy
dependent ion-transport mechanism.217-220

118. In cats, local x-ray doses of 500 to 600 rads
to the lumbo-sacral segments caused an immediate in
creased amplitude and duration of excitatory synaptic
potentials in motor neurons when corresponding affer
ent nerves were stimulated.22l During local x irradia
tion of the spinal cord at a dose rate of 300 rads per
minute, a change was observed in the potentials
recorded from the anterior roots of the spinal cord
when the posterior roots were electrically stimulated.222
These changes may be related to the increased mono
synaptic response variability observed in cats after
spinal cord irradiation (100 to 500 rad) .223 In mice,
pathological alterations of synaptic structures in the
spinal cord were observed as early as one day after a
whole-body dose of about 500 rads. Approximately
five weeks after irradiation, some of the degenerated
synaptic structures seemed to disappear, while others
apparently returned to their normal state.278

119. Changes in synaptic transmission could be an
important factor in the response of the nervous system
to irradiation. To cause an inhibition of transmission
through an isolated neuro-muscular junction of the frog
or rat, doses of about 20 kilorads are requirec1.224-22G
By contrast, much lower doses act on synaptic tral'C;
mission when irradiation is applied to the whole bOl 
or to nervous structures in siw. Thus, doses of 800
rads to the upper cervical ganglion of cats facilitates
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transmission after fifteen to twenty minutes. After an
hour or so, inhibition is observed.227

120. Cutaneous and visceral receptors respond to
high doses of radiation with structural alterations but
also with functional changes. Thus, even during the
first hour after local irradiation (500 rad) distinct
changes can be detected by recording spontaneous bio
electrical potentials in the branches of the cutaneous
nerve. These potentials show an increased frequency
very soon after irradiation. They exhibit long periods
of increased activity even in the absence of tactile
stimuli. The reactions of the nerve to such stimuli
also become more intense.2oo It has not been determined
whether these changes reflect a direct effect on the
receptor itself or whether the afferent nerves from the
receptor are mainly involved. On the other hand, the
increased splanchnic nerve activity that occurs as a
result of whole-body or abdominal exposure of cats and
rats probably reflects alterations in the function of
interoceptors,228-230 and the isolated Pacinian corpuscle
responds to several hundred rads with changes in
sensitivity to mechanical stimuli,23l

121. Observations on dogs irradiated and observed
for one year have shown that only when cumulative
doses reach 300 rads (150 rad over the year plus 150
rad in a single exposure, or 225 rad over the year
plus 75 rad in a single exposure) is there any signifi
cant change in the sense of spatial orientation of the
body.:!04 Experiments on rabbits indicate that such
effects depend on the region of the body irradiated
and that they change with the progress of time.232
Pprmanent damage to the vestibular system has been
seen at single local doses to the labyrinth larger than
1,000 rads.

122. It is dif£cult to determine whether the effects
on cutaneous and visceral receptors are the direct
result of radiation on them or are secondary to changes
in the surrounding tissues.208, 233 \Vhether primary
or secondary, however, these effects on receptors are
likely to play an important role, when the body but
not the head is irradiated, in triggering central responses
or automatic reflexes responsible for the systemic inter
actions that will be discussed in section V.

123. In man, reduction of tactile sensitivity and skin
sensitivity to vibration has been demonstrated in
cases of accidental irradiation in the lethal range of
doses104, 2S4 and in patients treated locally with high
fractionated doses (several kilorads total).235-238 Inver
sion of sensations has also been reported239 after
irradiation of the oro-pharyngeal region. salt being
"felt" as bitter and bitter as simply cold. Both lowered
taste sensitivity, and inversion of taste sensation ap
peared to he secondary to a central effect rather than
a primary consequence of irradiation. Taste changes
were, in a number of cases, associated with increased
olfactory thresholds, sometimes accompanied by trophic
changes in the olfactory mucosa.240

IV. Radiation as a stimulus for
sensory organs

124. It has been demonstrated that brief bursts of
ionizing radiation can stimulate certain receptor sys
tems of many organisms in the same way as does the
adequate or normal stimulus for the receptor system
involved. The activation of receptors by radiation with
small doses appears to be within the normal physio
logical capacities of receptars and does not seem to
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induce any significant injury to the system involved.
These events, therefore. should be clearly separated
from the effects that are discussed in other sections of
this report.

A. VISION

125. The ability of dark-adapted subjects to per
ceive ionizing radiation as a sensation of light was
noted shortly after the discovery of x rays and is now
firmly established.241.243 Perception of x rays depends
on tlie capability of the rod cells242, 244, 2~5 which .m~tst
be dark-adapted for production of the VIsual radIatIon
sensation. Light sensations have been reported by
human subjects after as little as 1 millirad of x rays
delivered in less than a second.245 Peripheral retinal
regions ,,,,here rods are most frequent are more sensi
tive than the central portion of the retina.24G

126. Electro-physiological ilwestigations of the eye
have shown that the compound series of retinal
potentials that arise from light stimulation248, 249 may
also be elicited by radiation of the dark-adapted
eve.24:!, 244.245 In humans the "flash" exposure thresh
oid for such response has variously been reported to
be 500 mil1irads~H9 and from 1 to 5 millirads.21G

127. Ionizing radiation may stimulate the retina in
a manner related to normal \'isual processes, although
it has been difficult to show whether analogous mecha
nisms are at work at the rhodopsin level. Absorption
of radiation energy by the rods is apparently respon
sible for the electro-retinographic response as shown
In' the fact that no response could be elicited in the
horned toad, an animal which lacks rod vision.250 Direct
evidence is also gained from the similarity between
the adaptation process for x rays and visual rod
adaptation.25O

B. OLFACTION

128. It has been demonstrated in rats,251.2u4 dogs,2UU
cats2ur, and monkeys2uG that the olfactory system is
very responsive to ionizing :-a?iation at small dose
rates (in monkeys, from 8 n1l11lrad per second). T~e

evidence suggests that the electro-encephalograplllc
desvnchronization and arousal reactions observed im
mediately after the onset of x-ray exposure may be due
to stimulation of the olfactory system, since these
reactions are suppressed by destruction of the olfactory
bulbs.251, 2u2. 2r,7

129. Microelectrode recordings from single neurons
in the olfactory bulb of several species have been used
to identify olfactory stimulation by iOt;izing radiatio?s.
Radiation exposure generally results 111 a prompt 111

crease in the firing rate of these neurons that corres
ponds to the duration of the exposure253 ,2u5 However,
such responses presumably are not the result of an
effect of x rays on the olfactory bulb itself, since the
reaction can be abolished by nasal perfusion with
saline or alcohol.253 A peripheral site of action is also
indicated by experiments in which ozone in ambient
air was shown to mask selectively the response to
x rays.2u8 It was found subsequently that the responses
occur in the olfactory bulb only if the radiation (beta
radiation from a strontium-yttrium source) is con
fined to the olfactory epithelium located in the nasal
passages.259 From these observati?ns, it ap~ea.rs reason
able to infer that Dlfactory detectIOn of radIatIOn occurs
at the receptor level rather than in a more central por
tion of this system.
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C. SENSORY SYSTEMS AND BEHAVIOURAL REACTIONS

130. Changes in the electro-encephalogram are seen
in rabbits within one second after bursts of radiation
of 1 rad or less1S7, 2u9, 2110 and persist for only a few
minutes. In rats exposed during a quiet period or
during sleep, dose rates as low as 0.25 rad per second pro
duce transient electro-encephalographic reactions with
in seconds.2r,li The response increases with dose rate.
The electro-encephalographic changes pa::allel the
arousal response which resembles that seen with
stimulation of peripheral receptors.2lill, 257 The response
can be extinguished by repeated exposures, suggesting
habituation of a sensory system. Arousal responses
can be obtained by irradiating the head only or the
body only. Spinal transection (C2-Tli ) prior to ex
posure abolishes the response in animals in which the
body only is irradiated, showing that the arousal re
sulting from such an exposure is mediated through
the spinal cord. Exposure of the head only in such
transected animals will still elicit the arousal re
sponse.:!Oo. 2Gl, 2G2

131. The effect of radiation on sensory systems can
lead to changes in the behaviour of animals towards
further irradiation and towards cues previously asso
ciated with exposure. For example, mice and rats
avoid residence in that region of a chamber in which
they have previously experienced irradiation,208, :W:I or
they exhibit a reduced preference towards distinctively
flavoured substances previously consumed during an
irradiation.2G4, 2Gu Thus, in rats, the consumption of
saccharin-flavoured fluid during a six-hour exposure
to cobalt-60 gamma radiation at a dose rate of 5 rads
per hour results in a radiation-conditioned aversion
to saccharin that persists for about four weeks.2GIl
\Vhen mice are exposed tu gamma rays from radium
at a dose rate of 20 millirads per minute the threshold
dose for the conditioned aversion to saccharin in saline
solution is less than 30 rad:: The degree of avoidance
seems to be a linear function of the accumulated radia
tion dose.2G7 Similar reactions are seen in consump
tion tests at slightly higher dose rates with cats2G8
and monkeys269 subjected to combinations of radiation
and test solutions.

132. The mechanisms leading to radiation-condi
tioned behaviour are not precisely known. The be
haviour depends not only on detection of small doses
at low dose rates but also on the induction of a
motivational state to avoid a noxious stimulus. Aver
sive reactions to the same dose are produced more
often by abdominal exposure than by head expo
sure,270 suggesting that visceral receptors can also be
triggered by penetrating radiations. Splanchnectomy or
intraperitoneal procaine injection delays or suppresses
development of the spatial avoidance response in rats.:m
Conditioned reflexes have also been obtained by ab
dominal irradiation,2Gl, 272 suggesting visceral receptor
activation. .

133. There is as yet no well-confirmed evidence of
receptor stimulation by low doses and low dose rates
of ionizing radiations in man, with the exception of
visual perception in dark-adapted subjects. The
evidence for radiation detection and behaviour condi
tioning in other species has been based on relatively
recent fmdings and will require considerably more
development before their implications for human be
haviour can be established. In any event, the effects
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described do not reflect inhtry to the nervous system
or specific risks to htt111a~ subjects so exposed.

V. Systemic effects

134. 'While all systems may show radiation response
through interaction with the nervous system, it is
mostly with rerrarel to the cc:rdio-vascular and gastro
intestinal syste~l1s that information is available, and
only these will be discussed here.

A. EFFECTS IN ANIl\IALS

135. Hremodynamic changes occur soon after radia
tion exposure, particularly at doses in the lethal range.
They may be mediated through net~ro-regulatory

mechanisms that are thought to be operatIve at several
levels of the acute radiation response.

136. As a result of autonomic nervous system in
volvement the rabbit is unusual in showing an imme
diate sha'ck-like hypotensive reaction after x-ray
whole-body doses of 600 rads or more.108,273 Blood
pressure falls within hours after irradiation, and the
heart rate increases.274, 275 Atropinization or vagotomy
will reduce the severity of the reaction, and adrenalin
injections effectively counteract hypotension.273 Blood
pressure changes may be seen after doses as low as 50
rads.276

137. Acute hypotension has also been seen within
one to three hours post-irradiation in rats,277,278
cats2iO, 280 and monkeys281 after doses in excess of 1,000
rads, but has not been observed in dogs.276,282

138. Rat arterial blood pressure responds differ
entially to x irradiation (485 rad) during the first
twenty-four hours after exposure. as peripheral bl~od

pressure falls, whereas the aortIc pressure rema111S
unchanged. At 970 rads, the aortic blood pressure
also falls and responds weakly to various .stim?li
during the first few days after whole-body IrradIa
tion.283

139. The pressor response to electrical stimulation
in rabbits is increased the first day after exposure to
800 roentrrens (180 kV, 0.5 mm Cu + 1.0 mm AI),

. /:>. 1 d' bl d 284despIte a sImu taneu~l~. rop 111 00 pressure.
Changes in the senSItIvIty of the mech.a111~ms .con
trolling blood pressure have been seen 111 Irradl~ted

cats, where peripheral stimu~a!ion of carotid baro
receptors or chemo-receptors eltcIts weaker than normal
pressor responses.280, 285-200

140. Systemic interactions in the cardio-vascular
system are effective in the local control of motility
and permeability of the capillary hed. ~or e~ample,

sectioninO' the afferent nerve from a sk111 sectlOn on
the back/:> of a rabbit locally irradiated (450 rad) re
duces such increased permeability.201 Increased per
meability in the rat after 750 ~o 3,000 rad~ is seen
within twenty-four hours and IS at a maXImum at
three or four clays.2112 Anti-histamine drugs prevent
increased permeability up to one d.ay post-irr~diati?n,

suggesting that the early response is clue to hIstaml11e
mediation. In the rat, the capillary bed of the meso
appendix shows diminished sensitivity to adrenalin for
five days after whole-body x-ray closes of 600 rads,
but reacts more strongly than normal eight to seven
teen days after irradiation. Vasomotor activity shows
a similar pattern, and the response has been attributed
to circulating vasoactive materials.203
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141. In most species, after a supra-lethal radiation
dose to the head, respiration stops before cardiac fail
ure.275•270, 282 With artificial respiration,282 the pressor
response to carotid sinus stimulation disappears in head
exposed dogs while arterial pressure and blood volume
remain normal. This suggests that reflex failure after
high doses is due to damage of the medullary vaso
motor centre, since the pressor response to electrical stimu
lation of this centre declines in the same manner as the
carotid sinus reflex. This interpretation is supported by the
results of direct irradiation of medullary centres.204

142. It thus seems that the response of the peri
pheral vascular bed to radiation may involve several
levels. Shortly after irradiation, it is possible that
changes in local concentration of metabolites or re
leases of vasoactive chemicals may play a role in
such responses. Radiation may also interfere with
the autonomic nervous system regulation of vascular
activity. At high doses, a direct effect may be opera
tive on medullary and other higher control centres,
the function of which may in turn be modified by
inputs from a great variety of sensory receptors.
Alterations of respiratory reflexes may also be affected
indirectly as a result of cardio-vascular changes. How
ever, the actual roles of the central. and peripheral
nervous systems, as well as of local tIssue changes at
various times after irradiation, need further clarifica
tion.

143. Radiation sickness seen after whole-body doses
in the sublethal and lethal ranR;es is intimately associated
with gastro-intestinal disturbances. Central nervous,
as well as autonomic, control may be involved in
several phases of the gastro-intestinal response.

144. In many species,205 including primates,296'208
anorexia is a common and reliable sign of radiation
disease in the first week post-irradiation. In rodents,
it is accompanied by a longer retention of food in the
stomach299-301 and can be detected six hours after
whole-body doses of 20 to 25 rads.so2, 303

145. In rats, a dose of 1,000 rads to the hind limbs
and tail only may also cause gastric retention.303 This
effect is highly unspecific as it can be seen also after
toxin injection. Radiation fails to produce retention
after adrenalectomy,301, 304 but large doses of adrenalin
or corticoids given to adrenalectomized animals imme.
diately prior to exposure restore the effect.303 There
are strong indications, therefore, that the radiation
induced gastric retention is an indirect effect, being
part of the general emergency mechanism.

146. Experiments further indicate that pyloric
constriction or spasm is not an essential mechanism
in gastric retention.305 It is more likely that the initial
depression in gastric transit is related to a reduction
in gastric motility, which may be more subject to
sympathetic or humoral control than to direct local
injury.

147. Intestimi motility and muscle tone may be
promptly altere.d by x-ray exposure,306 as shown in
preparations in which the intestine is attached to a
motility recording device. \~Thile no changes of in vitro
motility of the cat intestine are seen after 10 kilo
rads307 or of the guinea pig ileum after 500 rads,308
the exteriorized rat intestine increases its tonus and
motility about one minute after receiving 100 rads.309
The effect persists longer with increasing close. Vap"o
tomy in the rat before irradia.tion has little efi;ct,.
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showing that pre.g·anglionic fibres cOllluLute little to
the responses.300 On the other hand. rt'sults of phar
nmcological ganglion block suggest that thc cffect of
radiation is mediated by intrinsic intestinal ganglia.
Rat duodenal segments c~mnined 7'l1 '<..itra o:.c to three
days after whole-body doses of 500 or 1,000 rads
show increased motility, with a normal response to
acetylcholine. However. the response to serotonin
diminishes, suggesting that mucosal dmnag. must play
a role in the mechanism of motility changes in the
acute radiation syndrc.me.31O

148. In many species vomiting is a common response
to median lethai doses. In monkeys, irradiation (1.5 to
6 krad) of the head alone does not induce vomiting,
while whole-body irradiation Will,1I13,311 a difference
seen also in dog and cat.31::! This sign does not seem
to depend on brain injury but on visceral stimuli,
and depends on the feeding schedule prior to e~
posure,311, 813, 314 although bilateral destruction of the
vomiting centres in the medulla oblongata prevents the
immediate response in dogs (800 to 1,200 rad)31u, 316
or monkey3 (1.2 krad).m Vagotomy also prevents
early vomiting in the monkey, suggesting that the
response is peripl1erally initiated.s1s, 310 Abdominal e~

posure may, therefore, be considered essential to the
response.

149. It can be concluded that gastro-intestinal re
actions to radiation, such as vomiting or changes in
motility and retenti0l1, mainly involve local neural
elemetlts responding to injury of the radio-sensitive
intestinal mucosa. The response is mediated by central
as well as autonomic pathways.

B. EFFECTS IN MAN

150. The results of animal e~periments discussed
in the preceding paragraphs clearly indicate the com
plexity involved in determining \vhether a given sys
tem does or does not play a primary role in the response
of another system, even with such high doses of radia
tion as have been used in most of the experiments.
\Vhile this review has been confined to interactions
between the nervous system and two particularly well
studied systems, 'there are some indications that
similar interactions occur with the h::emopoietic and
endocrine systems.

151. Observations at high acute doses " ::1an are
mostly derived from radiation accidents.1, ~;.'" The in
volvement of several systems in the var: 'IS +onns of
radiation sickness are easily inferred, bu. \,.::tmining
the role of each of them in the reactiom .;! the others
is complex and deserves further study. Still, an in
ference as to possible long-term radiation effects on
the endocrine system ha~ hecome available.320 Five sub
jects from Oak Ridge (mixed gamma-neutron dose,
respective averages 226 and 81 rad; fairly uniform
exposure) and one subject from Los Alamos (mixed
gamma-neutron dose, about 130 rad; gamma-neutron
ratio about 3; exposure geometry not stated) were
examined. Daily twenty-four hour mines were obtained
for the first two weeks after exposure and, for six
hours thereafter, at progressively longer intervals. The
samples were bio-assayed for adrenaline and nor
adrenaline, with results showing a modest and tem
porary increase in adrenaline release, and a marked
and prolonged release of nor-adrenaline. The greater
output of nor-adrenaline than of adrenaline suggests
that, after such exposure, the sympathetic nerves are
.called into greater play than is the adrenal gland. It
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seems particularl)' pertinent that aU of these subjects
showed a significant rclcnsc of ncurohormone four and
si~ years after e~posure. This may represcnt some
prolonged biochemicnl or physiological aberration of the
sympathetic nervous s)'stem not heretofore described.

152. E~tremcly detailec!. clinical e~aminationsS:!l of
radiation workers who received less than 5 rads per
year for a number of years have failed to show effects
of any consequences.:!::!:! However, in workers who were
reported to have received doses above current dose
limits (that is, from 70 to 100 rad within a period of
ten to fifteen years) a number of objective signs in
volving various systems were described as OCCttrring
more frequently than among controls. The estimated
closes were based on readings of personal and working
area dosimetres, and the e~posUre may have been
highly inhomogeneous.

153. Among the signs observed, moderate hypo
tension and bradycardia were significantly more frequent
than among controls. Hypotension was particularly
pronounced in the retinal artery, and plethysmographic
investigations revealed slight changes of vascular tonus
In the limbs.32:! ,;Yhen these signs were most pro
nounced, they were som~times accompanied by electro
encephalographic changes, particularly in response to
hyperventiIation,324 and by electro-myographic signs of
slight deficiency of tonus and posture contro1.32G
All these signs progressively disappeared in the course
of two or three years after overexposure lmfj ceased.3:!:!

These types of changes appear to be worth studying
further under strict control of a number of variables
that might distort the magnitude or frequency of
objective, but non-specific, signs.

154. From the data available it can be concluded
that such changes as have been reported after several
years of e~posure to levels of radiation about twice as
high as current dose limits for radiation workers are
mild, reversible and usually well compensated. Sub
jective complaints that are not uncommon among adults
show an increased incidence, but none of the clinical
signs that have been reported at those levels of ex
posure appear to impair the working capacity of the
subjects.

VI. Conclusions

155. The sensitivity of the nervous system to radia
tion varies markedly with the stages of its develop
ment. Only during the period from the second to the
si~th month of fretal life does irradiation of the
nervous system involve risks higher than those arising
from the irradiation of other tissues. Even then, it is
not yet established whether such a conclusion is valid
at low doses, though this can be suspected on the
basis of the limited data available. At other times
during development, irradiation of the nervous tissue
appears to result mainly in increased incidence of
malignancies, the .,ensitivity of the nervous system
being, in this respect, of the same order as that of
certain other tissues.

156. When its development is completed, the major
effects on the nervous system appear only after radia
tion doses of the order of kiIorads. At doses close
to the median lethal dose, the acute radiation syn
drome is dominated by symptoms involving the blood
forming and gastro-intestinal systems, although animal
experiments indicate that some of these symptoms
may be secondary to changes in the nervous system.



157. Such structurnl changes as may occur follow
ing large or massive doses consist of brain- and spinal
tissue breakdown and severe "ascular damage. After
smaller doses, cellular necrosis or progressive reaction
in parenchymal and vascular cells may ensue. Long
term consequences of irrndiation of the nervous sys
tem at relativcly largc doses include tissue necrosis and
varied cellular reactions of sudden onset months c,.
years after exposure.

158. Functional involvcment of the nervous system
is apparent even at doses lower than 50 rads, but the
effects can be considered as minor. They appear to be

transitory and to result in :ninimal impairments of
functional performance. They do not compare in seri
ousness with the long-term effects in other systems
which consist largely of an increased incidence of ma
lignancies. Quantitative relationships between dose and
the intensity and frequency of functional changes in
the nervous system have not been established in man
and should be explored.

159. Radiation can be detected by sensory organs.
For example, visual sensation of radiation is known
to occur in man at doses lower than 1 rad. There is
no evidence that this involves any injury to the retina.

T.\llI.E I. PRE\"ALE~CEOF :ME:>:TAL RETARDATION AT SEVE~TEE~ YEARS OF
Am: AMOXG SUBJECTS WHO WERE in IItero

AT THE TIME OF BOMBlNGSll
(modified from l'efercllee 65)

Hiroslu'mll Nagasaki'

DI'slallce I'll mell'u Male Female Male Female

<1,500 Examined 89 80 18 20
Retarded 7 6(3) 3(1) 1
Per cent 7.9 7.5 16.5 5.0

1,500-1,999 Examined 135 131 36 28
Retarded 2 2(1) 0 0
Per cent 1.5 1.5 0 0

3,000-4,999 Examined 221 211 71 61
Retarded 1(1) 1 0 2(2)

jPer cent 0.5 0.5 0 3.3
i:\ot in ci ty Examined 2111 197 60 54 I

Retarded 2(1) 1 1 1 I
Per cent 1.0 0.5 1.7 1.9

ITotal Examined 646 619 185 163
Retarded 12(2) 10(4) 4(1) 4(2) IPer cent 1.9 1.6 2.2 2.5

, ]
11 Numbers in parentheses indicate cases with possibly "explained" aetiology.

I
TABLE H. PRE\"ALENCE OF ~IEXTAL RETARDATIOX AT SE\'ENTEEN YEARS OF AGE BY :MONTH OF RIRTHII I

(modified from reference 65) 1
MOllt1l of birtll !

1945 1946 Apr. !
Distallce ill metrcs Allg. Sept. Oct. Nov. Dec. Jail. Feb. Mar. May '\

Hiroshima
l
I

<1,500 Examined 15 19 16 15 21 29 30 17 7 I

Retarded 0 0 0 1 1 3(1) 7(1) 1(1) 0 !Per cent 0 0 0 6.7 4.8 10.3 23.3 5.9 0 ,
1,500-1,999 Examined 26 21 19 23 29 50 34 35 29 'I

i

Retarded 0 0 0 0 1(1) 1 1 1 0 f
Per cent 0 0 0 0 3.4 2.0 2.9 2.9 0 '1,Combined Examined 82 80 68 75 91 158 119 89 68

controls Retarded 1(1) 1 1 0 1(1) 1 0 0 0 ,
Per cent 1.2 1.2 1.5 0 1.1 0.6 0 0 0 I

Nagasaki i
<1,500 Examined 5 1 4 6 4 2 8 2 5 I

Retarded 0 0 0 1 0 1 2(1) 0 0 I
Per cent 0 0 0 16.7 0 50.0 25.0 0 0 1

1,500-1.999 Examined 4 5 9 5 11 6 9 8 8 JRetarded 0 0 0 0 0 0 0 0 0 t
Per cent 0 0 0 0 0 0 0 0 0 I

Combined Examined 14 19 40 22 31 25 30 31 34 ,1
controls Retarded 0 1(1) 0 0 0 2 0 0 1(1)

Per cent 0 5.3 0 0 0 8.0 0 0 2.9

11 Numbers in parentheses indicate cases with possibly "explained" aetiology.
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TABLE HI. HEAD SIZE BY DISTANCE FROM UYPOCENTRE AT TWENTY YEARS OF ...GE
IN HIROSlUMA61

Heads,'::e

D,'stallce I'ulllc/res E.mmillcd
tm'II11s2SD

Retardedor 1/Iore

~1200 24 11 11n
1201-1500 71 12 2
1501-1800 68 8 2b

18C ·2200 20 0 0

n One child with head size minus one standard deviation (SD),
b One child with normal head size had Japanese B encephalitis during infancy,

TABLE IV, HEAD SIZE AT TWENTY YEARS BY GESTATIONAL AGE IN HIROSHIMAG1

IVeeks of gestah'oll

~15
16-25
26-40

Head si::e
11II'III1S2SD

E.m 1111'11 cd or more Retardcd

78 25 11
50 3 4n b

55 4 0

11 One child with head size minus one standard deviation (SD).
b One child with head circumference within 1 SD from the mean had Japanese B encephalitis

during infancy.
Note: Of the fifteen retarded children, ten had head circumference at least 3 SD below the

mean, three were at least 2 SD below, one was between 1 and 2 SD and one within 1 SD,

TABLE V, PREVALENCE OF MENTAL RETARDATION ACCORDING TO DOSE RECElVEDGS

TABLE VI. EXCESS INCIDEKCE OF MENTAL RETARDATION AMONG OFFSPRING OF WOMEN IRRA

DIATED DURmG PREGNANCY AND OF LEUKAEMIA (1947-1958) A:l.WNG POST-NATALLY IRRADIATED

SUBJECTS

11 NIC =Not in city at the time of the bombing.
b <1 = Persons at 3,000-5,000 metres whose effective dose was zero.
c Unknown =Persons whose shielding configuration was such that no dose estimate is available

at this time.

The smalln/lmber of Nagasal~i subjects in the group receiving 1 to 10 rads is due to the
e.t'c!usion of subjects located bet'Wem 2,000 and 2,500 metres from the sample established
in 1958.

A-Includes all cases of mental retardation

B-Excludes cases with possibly "explained" aetiology (shown between parentheses
in columns headed "retarded")

0.6
0.04

0.5
0.D3

LCltkrcm""
(e.,>:cess cases
per hlllldred)

11.0
2.3

Nagasaki

6.0
0.0

Hiroshima

Mental "etardatioll
(e:rce.,s cases
per hltndred)

0-1.5
1.5-2.0

0-1.5
1.5-2.0

Distance iil kilometres

Hiroshima Nagasaki Totals

Dose ill rads Retarded Total Retarded Total Per cent retarded

A B
NICIl 3(1) 399 2 114 ,98 .78

< I b 2(1) 432 2(2) 137 ,78 .18
1-10 3(1) 155 0 6c 1.86 1.25

11-49 2(1) 178 0 36 ,93 .47
50-99 3(1) 44 0 22 4.55 3.08

100-199 4(1) 29 0 14 9.30 7.13
;;:::200 5 14 4(1) 11 36.0 30.0

Unknownc 0 14 0 8
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I. Introduction

1. It has been known for a long time that aberra
tions of chromosome structure (chromosome aberrations
or chromosome structural changes) and alterations in
chromosome number arise spontaneously at a low rate
in somatic and germ cells of plants and animals and
that the frequency of such aberrations increases follow
ing exposure to ionizing radiations. These aberrations
may, in fact, comprise the major component of the
genetic damage resulting from radiation exposure, but
in many instances the genetic consequences of certain
kinds of aberrations are so disastrous as to result in
the early death of the cells containing them.

2. Although a considerable fraction of induced
. chromosome aberrations may behave as dominant lethal

events, all aberrations that do not result in an "imme
diate" loss Ol viability are mutational changes which
may be transmitted to descendant cells and to the
offspring of the irradiated individual. Chromosome
aberratj<)11s are c1e,arly, therefore, of great genetic im-
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portance, and a considerable amount of work has been
devoted to studying the mechanisms of their induction
by radiation, their behaviour at mitosis and meiosis and
their genetic consequence.

3. Up until relatively recently, most of this work
had been carried out on species particularly well suited
to the demands of cytological study (that is, species
having a relatively small number of rather large chro
mosomes) and on organisms amenable to use in breed
ing experiments (1958, 1962 and 1966 reports'1-3 of the
Committee). This work has provided, and will con
tinue to provide, fundamental knowledge on the actions
of radiations on chromosomes and also information on
the genetic hazards of radiation exposure in the parti
cular species chosen for study. However, extrapola
tion from these species to man is beset with difficul
ties, particularly in the absence of any comparable
information on the radio-sensitivity of human chromo
somes that could serve as a reference point. Quantita
tive estimates of the radiation hazard to man's c:l1"omo
somes have, therefore, been fraught with uncertainties.



4. In the late 19S0s, routine cytogenetic studies on
mammalian chromosomes became possible as a conse
quence of the development of simple and reliable
methods of culturing mammalian cells 1:n vitro and of
techniques similar to those previously used in plant
cytogenetics. Refinements of these techniques4-7 opened
the way for cytological studies on the response of
mammalian chromosomes to radiation exposure.

5. In the original work carried out by Benders and
by various other authors9-11 in the United States, studies
were made on the effects of x radiation on chromo
somes in human epitheloid and fibroblast cell popula
tions cultured in vitro, and comparisons were later
made between the responses of human cells and of
cultured cells obtained from spider monkeys and
Chinese hamsters. l :! At about the same time, Fliedner
et al.w reported that chromosome aberrations could be
detected in cells from bone-marrow samples taken
from a number of persons accidentally exposed to a
mixed neutron-gamma-ray beam.

6. Prior to all these observations, a large number
of earlier reports had shown that the chromosome
aberrations induced by the irradiation of mammalian
cells were similar to the aberrations induced in other
animal and plant cells.

7. At the same time that these developments in
mammalian radiation cytogenetics were occurring, the
general field of human cytogenetics was rapidly emerg
ing. The initial work in this field soon confirmed that
the kinds of chromosome aberrations already well known
to occur in plants and animals also arose spontaneously
in man, and demonstrated that, in man, these aberrations
were responsible for a number of very important harm
ful traits (1962 and 1966 reports:!' 3 of the Committee).
These advances in human cytogenetics were given
further impetus by the development14 in 1960 of a
simple and reliable technique for obtaining prepara
tions of mitotic cells from cultured peripheral blood
leucocytes. As a result of these developments, informa
tion on the spontaneous frequency and on the general
consequences of chromosome aberrations in man has
been continually accruing.

8. The advent of the peripheral blood culture tech
nique afforded an opportunity to examine, by means of
a simple and painless procedure, the response of human
chromosomes in individuals exposed to ionizing radia
60ns. Moreover, since large numbers of mitotic cells
could he obtained from only a few millilitres of blood,
frequent cell samples could be taken from an individual
at various time intervals after exposure. The first
studies of this kind were carried out by the Edinburgh
group15 in the United Kingdom, and in the last nine
years a great deal of information has been obtained on
chromosome damage and the potential hazards of radia
tion to man's genetic materials.

9. Observations have been made on chromosome
aberrations induced in vivo in persons x-rayed for
diagnostic reasons, in personnel subjected to low-dose
occupational exposure (either externally or internally,
or to a mixture of both external and internal radia
tion), in patients exposed to therapeutic radiation and
in individuals accidentally exposed to radiation. In
addition to this, information is also available on mem
bers of the surviving populations at Hiroshima and
Nagasaki. Much of the information on patients given
therapeutic doses has come from partial-body irradia
tion studies, and here the data are somewhat difficult
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to interpret since accurate physical dosimetry, parti
cularly in relation to the cells sampled, is difficult to
obtain. More recently, a little information has been
gathered from a few patients exposed to low doses of
whole-body radiation.16

10. Although in terms of application of our know
ledge we are clearly most interested in results obtained
from in vivo studies, a great deal of information can
be and is being obtained from in vitro studies. Here,
cultured cells c:an be exposed to accurately measured
radiation doses, and accurate information on dose
response kinetics, etc. can be obtained. Such knowledge
forms an important background to the in vivo work,
and it has been generally thought it may well prove
possible to extrapolate directly from the in vitro state
to the in vivo state, provided certain requirements are
met.

11. In view of the developments in this field over the
past few years, the Committee decided that an appraisal
of the progress made in this area was necessary. The
time seemed particularly opportune for two reasons.
First, a number of laboratories have made use of
chromosome aberration yields as a method of esti
mating absorbed dose in individuals accidentally ex
posed to radiations, and Cl considerable amount of in
formation on the relation between dose and aberration
yield from both in vivo and in vitro exposure has been
accumulating. Second, as a consequence of the develop
ments in human cytogenetics, there has been an in
creasing amount of information on the importance of
certain aberrations as causal factors in human con
genital abnormalities and also on the possible associa
tion between certain kinds of chromosome aberrations
in somatic cells and the development of neoplastic
disease.

12. As the Committee is primarily concerned with
evaluating risks and with reviewing pertinent sci
entific data, information on the genetic consequences
of chromosome aberrations in man and on the possi
bility of using the levels of chromosome-aberration
yield following radiation exposure as a measure of dose
is particularly relevant. In the present report, there
fore, emphasis has been placed on somatic cell damage,
and attention has been centered on methodology, the
possible application of aberration yields in dosimetry,
their biological significance and their possible use in
the assessment of risk.

11. The types of aberrations produced,
their structure and bebaviour

A. THE GENERAL PATTERN OF RESPONSE

13. The types of chromosome aberrations induced
in human cells are identical in structure and behaviour
with the aberrations induced in other animal and plant
cells having similarly organized monocentric chromo
somes. These aberrations are usually considered to
be of two basic types-the simple deletion, which may
be the result of a single break in the chromosome thread,
and the exchange, which involves at least two breaks
and an exchange of parts either between different
chromosomes (interchange) or between different parts
of the same chromosome (intrachange).

14. The detailed mechanisms of formation of the
aberrations are not fully understood, and two hypoth
eses are currently in vogue (see reference 17). The
more generally accepted classical theory, which was
developed principally by SaxlS-20 and later by Lea and



Catcheside (see reference 21) ) proposes that x-ray
induced simple deletions are a consequence of single
breaks in the chromosome produced through the action
of a single electron track, whereas exchange events are
a consequence of the aberrant rejoining of breaks pro
duced through the action of one or more (usually two)
separate electron tracks.

15. On this classical theory) the evidence obtained
from dose. dose-rate and dose-fractionation studies is
interpreted to indicate that broken chromosome ends
remain available for rejoining with themselves (thus
restituting the original chromosome structure) or with
other broken ends (thus giving rise to an exchange
aberration) for only a limited time period (rejoining
time) of ar,ound thirty minutes.18. 21 This timing, how
ever, is very dependent upon conditions.23 Since the
exchange aberrations can only be produced if the two
breaks involved are closely associated spatially2!. 22 and
are produced close together in time, it follows that) on
this theory, the yield of simple deletions should in
crease linearly with increasing x-ray dose, and two
break exchanges should increase as approximately the
square of the dose, when exposure times are short
relative to the rejoining time (see references 17 and
21).

16. On the exchange hypothesis of Revell,24 all
aberrations, including the so-called simple ch-omatid
deletions, are believed to be a consequence of exchange.
On this hypothesis a proportion of the simple dele
tions could result from the interaction of the effects
of two separate electron tracks. The deletions are be
lieved to be the consequence of an incomplete exchange
between two regions within a chromosome so that the
deletion is associated ,vith an inversion or duplication
of a short length of the chromosome at the point of
"failed union". Thus, on this hypothesis, simple dele
tions can show either a negligible or a significant
"dose-squared" component in their rate of increase
with increasing x-ray dose.25 On both hypotheses, with
high LET radiations all aberration types increase
linearly with increase in dose,17, 23

17. In general, although there are certain exceptions,
proliferating somatic cells spend by far the majority of
their lifetimes in an interphase state and pass relatively
rapidly through the division process of mitosis. The
duration of interphase may range from the life span
of the individual in a non-dividing differentiated cell,
to a number of years in a mitotically quiescent cell or
to a period of less than one day in the case of an
actively proliferating cell. In all cases, however, the
duration of the mitotic phase is usually, at most, an
hour or two and is, therefore, short in relation to
interphase. Thus, although the chromosome aberrations
produced in irradiated cells are only observed when the
chromosomes appear at mitosis (or at meiosis in the
gonads), on the average almost all the aberrations
produced are a consequence of damage sustained in an
interphase state.

18. The aberrations observed in dividing cells are
thus visible manifestations of radiation damage sus
tained at an earlier point in time. A number of cellular
(enzymic) processes may, therefore, intervene between
the initial radiation exposure and the final develop
ment of an aberration. Thus, for a given cell type,
radiation dose, quality, etc., the final yield of aberra
tions may be modified by physiological as well as
physical factors. The influence of such modifying fac
tors was considered in some detail in the Committee's
1962 and 1966 reports.2,3
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19. The types of aberrations induced following
radiation exposure fall into three groups according
to the unit of breakage or exchange that is involved.
Aberrations which involve both chromatids of a chro
mosome at identical loci are generally referred to as
ehr01ll0S01llC-/:vpa aberrations) whereas those in which
the unit of aberration formation is the half-chromosome
or chromatid are termed ehromatid-t'j,pa aberrations.
The third category of aberrations known as sl/beTzl'o
'IIIatid-t,ypc aberrations appear to involve breakage and
exchange of subunits of a chromatid.

20. Which of the three basic types of chromosome
aberrations are observed at mitosis (or at meiosis)
depends upon the stage of development of the cell at
the time of irradiation. In a mitotically proliferating
cell, the interphase period of the cell cycle can be
partitioned into three phases ;21) the pre-DNA synthesis
or Cl phase of early interphase; the DNA synthesis or
S phase; and the post-DNA synthesis or C2 phase of
late interphase. \Vith few exceptions) cells not actively
proceeding through a mitotic cycle usually rest in the
Cl phase (for example, the peripheral blood small
lymphocyte in normal healthy individuals), and such
cells are sometimes referred to as being in a Co state.27
However, there are exceptions to this general rule) and
certain types of mitotically inactive cells (for example)
certain epidermal cells in the mouse ear) 28 may rest in
a C2 phase.

21. Irradiation of all resting cells and of the ma
jority of proliferating cells in a Cl phase results in
the production of chromosome-type aberrations. At the
very end of the Cl phase2\}, 30 there is a transition
from the chromosome-type aberration to the chromatid
type, and this transitional phase extends from late Cl
into early S (figure 1). Thus) most of the cells irradi
ated while in S and all the cells exposed while in C2
yield chromatid-type aberrations. Subchromatid-type
aberrations are only produced in cells irradiated in the
early prophase of mitosis (or mid-prophase of meiosis),
and cells exposed to radiation at the metaphase or later
stages of mitosis yield chromosome-type aberrations at
their next mitosis (see figure 1 and reference 17).

22. In addition to aberrations involving changes in
chromosome structure, certain kinds of damage may
also result in alterations in chromosome number and
yield aneuploid or polyploid cells (paragraphs 77-89).
Such changes in chromosome number are the result of
errors (non-disjunction) in chromosome or chromatid
segregation at meiosis or mitosis, and these errors are
often, although not invariably, a consequence of the
presence of chromosome structural changes.

23. It should be emphasized here that all of the
varieties of chromosome structural changes and of
changes in chromosome number that are to be observed
in irradiated cells are also to be found in cells exposed
only to natural background irradiation. The frequency
of such spontaneous aberrations in unirradiated cells
from normal healthy individuals is, of course, extremely
low (table I), but the kinds of changes found are
precisely the same as those induced as a consequence
of radiation exposure.

B. CHR01IOSOME-TYPE ABERRATIONS

24. Chromosome-type aberrations, in which both
chromatids of a chromosome are broken or exchanged
at the same locus and in an identical fashion, are the
aberrations that have been most frequently studied in
human cells. This is because most of the work on man
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F"!Jl/l'e 1. Helation between tj'pe of aberration induced by radiation and stage in cell cycle at
time of irradiation

has been carried out on peripheral blood leucocytes
that were irradiated while in a resting G1 phase and
examined at a mitotic metaphase following the stimula
tion of development of these cells in culture.

25. Studies on metaphase somatic cells reveal that
seven kinds of chromosome-type aberrations can be
distinguished cytologically (figure 2). Aberration types
(i,\ to (v) are produced within single chromosomes
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Figu/'e 2. Chromosome-type aberrations that can be distinguished cytologically at mitosis

and are referred to as ill tmc/ranges, whereas types (vi)
and (vii) involve an exchange of parts between dif
ferent chromosomes and arc·, therefore, interchanges.

26. (i) Terminal deletions are paired acentric frag
ments which have the appearance of resulting from a
simple break across the chromosome and are not asso
ciated with an exchange aberration such as a ring or
interchange (paragraphs 28, 33-34). Some authors
refer to terminal deletions simply as free acentric
fragments.

27. (ii) Minutes (interstitial, isodiametric or dot
deletions) are pairs of acentric fragments, smaller in
size than terminal deletions, characteristically appear
ing as paired spheres of chromatin, hence the terms,
dot or isodiametric deletions. These deletions are
usually not terminal but intercalary and are the con
sequence of two closely juxtaposed transverse breaks
across the chromosome.

28. (Hi) Acentric 1'illgs are the result of two trans
verse breaks and an exchange within the chromosome.
The linear separation between the two breaks is greater
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than in the case of minutes so that the excised paired
fragments are larger and are ring-shaped. The distinc
tion between minutes and rings is often arbitrary,
since it is based purely on the size of the interstitial
region of the chromosome that is deleted.

29. (iv) Centric rings are ring-shaped chromo
somes resulting from an exchange between two breaks
occurring on either side of the centromere. The centric
ring aberration is clearly distinguished from its acentric
counterpart and is accompanied by one (rarely two)
acentric fragments.

30. (v) Pericentric inversions result from two
breaks, one on each side of the centromere, followed
by the inversion of the centromeric segment and its
reincorporation into the chromosome. If the two breaks
(or points of exchange) are not equidistant from the
centromere, then the pericentric inversion is clearly
characterized by the altered location of the centromere
within the chromosome. However, if, as is probably
most often the case, the exchange points are approxi
mately equidistant from the centromere, then the in-
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and of the restrictions on chromosome movements in
interphase.li• 31 there must be a much higher prob
ability of' exchange between points equidistant from
the centromere than between points at different dis
tances. Similarly, in the case of symmetrical inter
change aberrations, exchanges between points equidis
tant from the centromeres of the two chromosomes
involved will be very frequent. Tlms, if the chromosome
complement contains a number of chromosomes having
arms of equal or similar lengths, is the case in the
human complement, then a s>'mm' ...,11 exchange often
will not result in an altered morphology of the ex
changed chromosome (s), and the aberration will pass
undetected.

37. The inefficiency of scoring symmetrical and
equal inter- and intrachange chromosome-type aberra
ti0ns is not encountered in the comparable chromatid
type aberrations. At the chromatid-type level, because
of the close pairing between sister chromatids, asym
metrical and symmetrical aberrations can all be scored
with equal efficiency. Studies on chromatid-type aberra
tions in plants and animals have shown that the sym
metrical and asymmetrical variants of any given aberra
tion type occur at approximately equal f:equencie~,lj. :!1

and it has generally been assumed that thiS approximate
equality must also obtain at the chromosome-type level.
This assumption has recently been confirmed in studies
on the morphologically well-marked large chromosomes
of the plant Vicia: faba) where the frequency of involve
ment of these chromosomes in symmetrical (reciprocal
translocation) and asymmetrical (dicentric) chromo
some interchange was shown to be equaI.32

38. Since it is to be expected that asymmetrical
and symmetrical interchange events occur with equal
frequency in irradiated human cells, it is possible to
estimate from published data1G• 33-35 that the efficiency
of scoring symmetrical events in man's chromosomes
is not more than 20 per cent. This follows from the
fact that the frequency of c1icentric- plus centric-ring
aberrations should equal the frequency of reciprocal
translocations plus pericentric inversions, whereas, in
the data available, dicentric and ring chromosomes
are approximately five times as frequent as abnormal
monocentric chromosomes. Similarly, the frequency
of acentric-ring plus minute aberrations should cor
respond to the frequency of paracentric inversions. As
noted earlier, pm"acentric inversions cannot be detected
in mitotic cells.

39. In addition to the general difficulties in de
tecting symmetrical aberrations, it should be noted
that the efficiency of their detection varies between
different observers. However, these problems do not
arise in the case of the asymmetrical aberrations. It is
for these reasons that it has long been the practice of
radiation cytogeneticists working on plant and animal
cells to classify chromosome-type aberrations into
terminal deletions, minutes, acentric rings, centric rings
and dicentrics (polycentrics) and to use data on these
aberrations, but not data on pericentric inversions and
symmetrical interchanges, for quantitative studies.

40. It should be stressed that the aberrations de
scribed under the above five headings form the bulk
of the structural alterations that can be observed.
They can be scored efficiently and there is little varia
tion due to subjective differences between different
observers. In the case of the possible use of chromosome
aberration yields as indicators of absorbed dose in
man, there is little doubt that the classification of the

version cannot be detected ill mitotic cells but could
be detected in meiotic cells following chromosome
pairing.

31. Paracentric inversions, where both points of
exchange lie on the same side of the centromere, can
not be cytologically detected in mitotic cells but could
be identified at meiosis.

32. In types (ii) to (v), the exchange event may,
in a small proportion of cases, be incomplete, only two
of the four free ends involved in the exchange actually
undergoing rejoining. Thus, an incomplete paracentric
inversion will be scored as a terminal deletion, and a
ring chromosome may be accompanied by two, rather
than one, acentric fragments.

33. (vi) S'J'I/Iwatrical illtarclzangas (radprocal tralls
locatiolls) are exchange aberrations resulting from a
breakage in each of two chromosomes followed by
aberrant rejoining such that the distal regions of the
two chromosomes are transferred (translocated) from
one to the other. The aberrations are described as
being symmetrical since they do not result in the
formation of a dicentric structure (paragraph 34).
Occasionally, if the exchange is incomplete, an acentric
fragment may result. If the exchange is equal, that is,
if an equal length of chromatin is translocated from
one chromosome to the other, then the exchange could
be detected at meiosis. Such an exchange could not be
detected in somatic cells, however, except when in
complete, in which' case it would appear as a simple
terminal deletion. Symmetrical interchanges between
acrocentric chromosomes are sometimes referred to as
centric fusions. They result from the translocation
of entire chromosome arms, the exchange occurring
in the region of the centromeres of the chromosomes
involved.

34. (vii) As~'mmetrical interchallges (dicclltric
aberrations or more comple.t' polyceJltrics) are ex
change aberrations due to a breakage in each of two
or more chromosomes followed by aberrant rejoining
such that the proximal regions of the chromosomes
become united, thus forming a dicentric or polycentric
structure and an associated acentric fragment (rarely
two fragments, when tIle exchange is incomplete and
the two distal regions do not unite).

35. As mentioned above, incomplete rejoining in
exchange results in an increased frequency of free
fragments associated with an aberration. It should be
stressed, however, that the fragment associated with
an exchange aberration, such as a dicentric or centric
ring, is part of the exchange aberration and is not
scored as a separate fragment, that is, as a terminal
deletion. The presence of a dicentric- or centric-ring
structure with no accompanying fragment is an almost
certain indication that the aberrant cell has proceeded
through at least one mitotic division after irradiation
and prior to observation.

36. Mention has been made of the difficulties in
detecting certain forms of pericentric inversions (inter
arm intrachanges) and of symmetrical interchanges in
somatic cells so that not all seven chromosome-type
aberrations considered can be scored with equal effi
ciency. It is to be expected that pericentric inversions
that do not result in a change in the relative arm
lengths of a chromosome must comprise a significant
proportion of the total of such aberration types. This
is so because, as a result of the V-shaped arrangement
of the chromosomes following anaphase separation
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aberrations into these categories is essential. However,
it is important to note that the aberrations that are
simplest and least ambiguous to score include many
(If those that may result in cell death.

41. For instance, at the anaphase stage of mitosis,
a proportion of the dicentric aberrations form cluo
matin bridges linking the two anaphase groups ancI
interfering with the mechanical separation of the two
daughter cells. Such an interference frequently results
in the death of the cells. In addition, chromosome
fragments lacking centromeres may be ex-chtded from
the daughter nuclei produced as a result of mitosis,
and, depending upon the gene content and amount of
material lost, such genetically deficient nuclei may bc
inviable. In general, therefore, a considerable propor
tion of the asymmetrical aberrations constitute a short
term hazard in the sense that the cells that carry them
have a very much reduced potential for survival. How
ever, those cells that can survive will still be mutant
and constitute a long-term hazard both to the individual
and, if present in the germ linc, to his offspring.

42. On the other hand, symmetrical aberrations,
which are simply a consequence of the rearrangement
of chromosome material either within or between the
chromosomes in the complement, will not result in
any chromatin deficiency when induced in somatic
cells. Cells carrying such aberrations will encounter
no mechanical difficulties in proceeding through the
mitotic process and may be perfectly viable. However,
if such changes are present in the germ line, then, as
a consequence of chromosome pairing and segregation
at meiosis, they may result in sterility and in the pro
duction of unbalanced gametes. For example, a number
of spontaneous translocations are known to exist in
mans and these are, in certain cases, responsible for
a reduced fertility and, in others, for the production
of viable offspring with harmful traits, for example,
Down's syndrome.

43. It should, therefore, be re-emphasized here that
the criteria for scoring aberrations are not based on
their particular biological importance. Thus, although
the symmetrical aberrations which result in little or no
change in chromosome morphology are difikult to
score objectively, they nevertheless may constitute a
very important long-term hazard, since they result in
transpositions and rearrangements of chromatin be
tween non-homologous chromosomes and in duplica
tions and inversions of the genetic materials. More
over, these aberrations are equally as frequent as their
asymmetrical counterparts. At present, the scoring of
such symmetrical aberrations in somatic cells is both
tedious and extremely inefficient, but their detection
might well be improved with the advent of mechaniza
tion and computer techniques in cytogenetics.36042

44. The method of classification of the aberrations
that has been outlined is that generally in use by radia
tion cytogeneticists and is based on the structure of
the aberrations. This method of scoring does not in
volve any assumptions as to the precise mechanism
of formation of any particular aberration and does not
group together aberrations that are structurally dif
ferent but which may have similar mechanical conse
quences at mitosis.

45. An alternative system, which does involve
assumptions as to the mechanism of formation of
aberrations, was originally proposed by Darlington and
Upcott43 in their early work on chromosome aberra
tions in plant cells. This system, however, was super-
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seded by the descriptive classification. In more recent
years, an additional and more general classification
has been introduced.44, 45 This classification places em
phasis on the cells carrying the aberrations, cell types
being defined, as indicated in the subsequent para
graphs, on the basis (If the kinds of aberrations that
they contain.

46. T~,pa A Calls have no apparent evidence of a
structural chromosome abnormality. They may be
divided into "modal A cells" that are apparently
normal diploid cells and "non-modal A cells" that are
aneuploid, that is, that cont"in fewer or more chro
mosomes than the normal diploid number.

47. T~lpe B cells, as originally defined,44 included
two sorts of cells, those containing chromatid gaps
or isochromatid gaps (non-staining regions of the
chromosome either affecting one or both chromatids),
which are not discontinuities and do not result in the
formation of acentric fragments, and cells containing
simple chn)matid breaks (chromatid terminal dele
tions) but not isochromatid aberrations nor presumably
chromatid minutes. In other words, type B cells, as
originally defined, contain either non-staining gaps or
one of the many possible types of chromatid-type aber
rations. Fortunately, however, the phrase, "type n
cells", has come to be used to describe cells containing
chromatid-type aberrations of any kind (see reference
33) as opposed to cells carrying chromosome-type
aberrations (type C cells).

48. Type C cells contain chromosome-type aberra
tions. Type C cells were originally put into three cate
gories, Cl, C:J, C3,44 but later45 they were reclassified
into two categories, CI\ and Cs' CII cells contain asym
metrical aberrations or incomplete symmetrical aberra
tions, that is, dicentrics (polycentrics), ring chromo
somes or fragments. The suffix, u, in CII denotes the
fact that the cell contains an "unstable" aberration
which will either result in mechanical difficulties at
mitosis or result in a loss of chromosome material
in the form of an acentric fragment. Cs cells contain
"stable" aberrations, that is, complete symmetrical
aberrations (symmetrical interchanges or pericentric
inversions), which can only be detected if the exchange
events result in a change in the position of the cen
tromere or in the lengths of the chromosomes involved
in a rearrangement (paragraph 36).

49. It has already been stressed that the Cs cells
can only be detected with very low efficiency. It should
also be pointed out that certain types of CII cells (for
ex-ample, those containing small terminal or inter
calary deletions) may be unambiguously scored as clear
CII cells at the first mitosis after irradiation, but that,
if viable, their descendants could well be scored at
the second or subsequent mitosis following irradiation
as either normal A cells or as Cs cells.

50. The use of the Cs and CII form of classification
may be useful as a short-hand system, particularly
when considering the fate of cells carrying aberrations
over very long periods of time after irradiation; this
is precisely where this general scoring system has been
largely employed. Nevertheless, there can be no
question that the lTIa.."imum information can only be
obtained when aberrations are categorized on the basis
of their detailed structure. The Committee, therefore,
strongly recommends that the detailed system of scor
ing be employed, particularly in those cases where
attempts are made to obtain information on dose
response relationships.
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C. CHROMATID-TYPE ABERRATIONS

51. Chromatid-type aberrations occur if damage is
sustained either at the time of, or following, chromo
some sl'litting and replication in late Cl and S of the
cell cyc1c17, 20, 80 (paragraphs 19-21). In the case of
unsplit Cl chromosomes, any radiation damage sus
tained is itself replicated when the cell proceeds into S
so that the whole chromosome (both chromatids) is
involved in a chromosome-type aberration, both sister
chromatids being affected in exactly the same way and
at identical loci. Chromatid-type aberrations are thus
distinguished by the fact that the unit of breakage or
exchange is the single chromatid.

52. Chromatid-type aberrations are, therefore, in
duced in cells irradiated while in the DNA synthesis
(S) and post-DNA synthesis (G2 ) stages of inter
phase. Such aberrations also arise spontaneously, pre
sumably as a consequence of replicating errors. They
can be readily induced by exposure of cells in ';.';vo
and in vitro to a wide variety of chemical agents and
have been found in peripheral blood leucocytes taken
from individuals suffering from certain virus infections
and in cultured fibroblasts exposed to viral and other
infectious agents.

53. A large proportion of the chemical agents that
produce mutations in micro-organisms, insects and
plants induce chromatid-type aberrations in plant46.4s
and mammalian4i,40 cells exposed in vivo or while in
continuous culture in vitro. A number of these agents,
particularly those known to interact with DNA or to
interfere with DNA synthesis (including carcinogenic
hydrocarbons such as dibenzanthracene),50 have now
been tested in human cells and shown to produce
chromatid-type aberrations in peripheral blood leuco
cytes and in fibroblasts exposed in vitro.lil-70 Similar
aberrations are also to be found in leucocytes taken
from patients treated for certain clinical conditions with
potent n1l1tagens, for example, nitrogen mustard.71-io

54. Considerable interest has recently been aroused
in the possibility that the hallucinatory drug, lysergic
acid diethylamide (LSD-25), might act as a muta
genic agent in man. Cohen ct al. i6 originally presented
evidence indicating that exposure of peripheral blood
leucocytes in culture to LSD resulted in the produc
tion of chromosome aberrations; in addition, a low,
but significantly increased, aberration yield was found
in cultured peripheral blood cells taken from a patient
extensively treated with this drug over a period of
four years.

55. More recent studies on LSD users (which fre
quently include individuals taking other drugs in
addition to LSD) have yielded conflicting results.
Some authorsii-iO have reported small, but significantly
increased over normal, aberration yields in cultured
leucocytes of LSD users, whereas others have found
no evidence of a change in aberration yield in LSD
users80. 8l or in patients treated with LSD.sl, 82 Studies
on the mouse83 have yielded suggestive evidence of a
slight effect on high doses of LSD on meiotic chro
mosomes, whereas mutation studies in Drosophila
have either shown no effects84 at does levels compar
able to those used in the mouse work or significant
increases in the yield of recessive lethals when massive,
highly toxic, doses were used. Sli

56. The demonstration by a number of workersS6-l0S
that viral infections may produce chromatid-type aber
rations in human and in othe: mammalian cells and
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the possible implications of virus infection in relation
to carcinogenesis (paragraphs 286-288) has prompted
a variety of studies on this aspect of aberration pro
duction. A wide variety of both DNA and RNA
viruses has been reported as being responsible for the
production of chromatid aberrations in human peri
pheral blood leucocytes and in human and other mam
malian fibroblast cells maintained in continuous cul
ture. The viruses that have been claimed to induce
aberrations include Sendai virus,811 chicken pox "irus,87
measles virus,oo, 100, 102 yellow fever,ua vaccinia,100 polio
myelitis,8s the Schmidt-Ruppin strain of the Rous sar
coma virus,04, 00, loa herpes simplex,l04, 107 cytomegalo
virus,lO:; infectious hepatitis "irus8i, ss, 05, 06 and vari
ous human and simian adenoviruses.106

57. Studies on human embryo cells exposed to
avian pseudo-plague virus have shown that infection
with viable virus results in the formation of chro
mosome structural changes but that no such changes
are produced following exposure of the cells to heat
inactivated virus,uo In addition, chromatid aberra
tions have been reported in cultured human fioroblasts
infected with Mycoplaslllalll • 112 and similar aberra
tions reported113 in Drosophila. exposed to Rous sar
coma virus and in other arthropods infected with a
"Rickettsia-like" organism.114

58. Although there are conflicting reports on the
presence or absence of aberrations in cultures of peri
pheral blood leucocytes from patients suffering from
various virus infections,ol, 03, 10S there is no doubt that,
uncler certain conditions, viral and other infectious
agents can induce chromatid-type aberrations in human
cells. The general conclusion arrived at by many
workers in this field is that the effects of these agents
on chromosomes are very similar to the effects of
chemical mutagens that interfere with DNA synthesis.
This conclusion is supported by the observations of
Nichols et al.os of a synergistic action of the Schmidt
Ruppin strain of the Rous sarcoma virus and of cyti
dine triphosphate (a nucleoside triphosphate that in
duces chromatid-type aberrations in human cells) in
producing chromatid aberrations in human leucocytes
treated in vitro. Moreover, the aberrations induced by
nucleosides and by viral agents are both localized to
particular chromosomes and chromosome regionstl7, 6S
and thus differ from radiation-induced aberrations
which are more randomly distributed.

59. It is important to note that Stich and Yohn10G
have recently obtained evidence that, at least in the
case of certain types of adenovirus, aberrations are only
produced by viruses which initiate but do not com
plete a full replication cycle. Moreover, it should be
pointed out here that chromatid aberrations observed
in peripheral blood leucocytes of patients suffering
from virus infection are actually produced when the
cells are in culture. (Chromatid-type aberrations pro
duced in vivo would appear, if the cells were viable,
in the first mitosis observed in culture as "derived"
chromosome-type changes.) Indeed, it has been sug
gested115 that the conflicting reports from different
individuals and laboratories may be simply due to
positive results being obtained more often when cells
are allowed to proceed through more than one cell
cycle in culture prior to observation.

60. It should be strongly emphasized that, in the
case of the viruses, of the alkylating agents and of the
majority of the other chemical mutagens that have
been studied, only chromatid-type structural changes

have
The
arise
aberr
while
hand,
result
aberr

61.
duced
a va
chem
all b,
spont
of ab
sister
these
more
some

62.
Hons
autho
tion (
brief,
tercal:
rings,
intera
intera
centri
locatio
tercha

63.
chang
interp
tain c
lesion
zones.
across
region
constri
There
that tl
m a
some.1

64.
Chr01l11

obtain~

Althot
have
chro111,
deletio
Cavera
that n
allowe
in cult
fore, p
of mi.
import
and c
conditi

65.
cytes t
sevent
chroma
chro111.t
what I
al.}23



have been seen at the first mitosis following treatment.
The aberrations produced by these agents presumably
arise as a consequence of misrcplication,l1O. 117 so that
aberrations are not directly i.roduced in cells exposed
while in the G1 phase of interphase. On the other
hand, exposure of such G1 cells to ionizing radiations
results in the formation of typical chromosome-type
aberrations.

61. The kinds of chromatid-type aberrations pro
duced by ionizing radiations in Sand G2 cells and by
a. variety of l11utagcns, including ultra-violet and the
chemical and infectious agents referred to above, are
all basically similar and are similar to those that arise
spontaneously in culture. However, because the unit
of aberration formation is the chromatid, and because
sister chromatids remain closely paired at mitosis,
these aberrations exhibit a greater variety and are
more efficiently detected at mitosis than their chromo
some-type counterparts.

62. The variety of possible chromatid-type aberra
tions has been discussed in detail by a number of
authorsp. 118 and a detailed description and illustra
tion of these aberrations will not be given here. In
brief, the aberrations include terminal deletions, in
tercalary deletions (chromatid minutes) , acentric
rings, isochromatid deletions,. duplications, invcrsions,
interanl1 asymmetrical intrachanges (centric rings) ,
interartl1 symmetrical intrachanges (equivalent to peri
centric inversions) and symmetrical (reciprocal trans
locations) and asymmetrical (chromatid dicentrics) in
terchanges.

63. In addition to these chromatid-type structural
changes, cells irradiated in the S or G2 phases of
interphase, or subjected to infectious agents or to ce~

tain chemical mutagens, may also contain achromatIc
lesions that are usually referred to as gaps or erosion
zones. These gaps do not represent transverse breaks
across the chromatid thread but are simply unstained
regions similar in appearance to normal secondary
constrictions or nucleolar organizing regions.24, 119

There is evidence from studies on plant chromosomes
that these gaps are reparable lesions that do not result
in a permanent structural change in the chromo
some.120.121.

64. Information on the spontaneous yield of
chromatid-type aberrations in human cells has been
obtained from studies on peripheral blood leucocytes.
Although a number of reports (paragraphs 65-66)
have indicated that the frequency of spontaneous
chromatid aberrations (more particularly chromatid
deletions) in these cells may be somewhat variable
(averaging around 0.05 per cell), there is no doubt
that l11uch of this variability is due to cells being
allowed to proceed through l110re than one cell cycle
in culture before sampling. The aberrations are, there
fore, produced in culture (probably as a consequence
of misreplication). Culture conditions are extremely
important in this connexion, particularly since the cells
and cell products themselves contribute to changing
conditions.

65. Mouriquand et al.122 in a study of 1,000 leuco
cytes taken from ninety individuals and cultured for
seventy-two hours prior to observation, reported a
chromatid-deletion frequency of 0.057 per cell and a
chromatid-gap frequency of 0.077 per cell. In a some
what larger study carried out by Court Brown et
al.,123 the frequency of chromatid aberrations, in-
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eluding gaps, in 12,000 leucocytes cultured for se\'enty
two hours was around 1 per cent. More recently, in
a survey124 in which care was taken to sample cells
at their first mitosis in culture, 1,200 leucocytes from
400 individuals were examined, and it was found that
the frequency of chromatid-type aberrations in these
cells was very low (0.033 aberrations per cell) and
did not vary with the age of the donor. Moreover,
in this latter survey, it was clearly shown that the
frequency of these aberrations increased with increasing
duration of the period of leucocyte cuUm. e.

66. A number of workers have noted the presence
of chromatid-type aberrations in peripheral blood leuco
cytes irradiated 1'n vitro during the G1 phase and in
cells obtained from individuals exposed to ionizing
radiations. The frequency of these aberration types in
irradiated individuals is very low (for example,
around 0.02 aberrations per cell) 12G and is usually
similar to the frequency of these aberrations in blood
cells of tlllirradiated personnel. Indeed, studies on
patients following radio-therapy treatment,1O,12G,12~

accidental or occupational radiation exposure121i.127-132
and exposure to radiation following a nuclear explo
sion133.13G have revealed no significant differences in
yields of chromatid-type aberrations between irradiated
and control personnel.

67. On the other hand, there have been some sug
gestions of a slightly increased chromatid-type aberra
tion yield in irradiated personnel,13G and, in two in
stances, reports of much higher yields in cells irradi
ated bt vitro and sampled seventy-two to ninety-six
hours after exposure.13T,13B

68. Since chromatid-type aberrations cannot be
directly induced by the irradiation of unstimulated
leucocytes, their presence in such cells is generally
agreed to be almost certainly due in part to a possible
secondary effect giving rise to these aberrations in
culture (and this is particularly true in in vitro radia
tion experiments) and largely to effects occurring in
culture that may have no connexion whatsoever with
a radiation exposure. It should also be pointed out
that, when relatively high yields of "spontaneous"
chromatid aberrations are observed, very few exchange
aberrations are noted, virtually all the aberrations
being simple deletions (see reference 139). This very
Iow frequency of exchange suggests that some of the
chromatid breaks that are observed may well be con
sequences of the mechanical forces operating when
the cells are being dried during cytological processing.

69. Chromatid-type aberrations can, of course, be
induced by radiation in vitro if the radiation is de
livered during late interphase,ll, 140~140 Moreover, such
aberrations are induced if the cells are exposed to
radio-activity labelled DNA precursors.HT, 148 Simi
larly. these aberration types will be produced in vivo
in those cells that are actively engaged in proliferation
at the time of radiation exposure. However, these
chromatid-type aberrations will be lost before cells
develop into circulating lymphocytes, or, if the aber
rations are symmetrical and therefore do not result in
mechanical d"ifficulties in the separation of chromatids
at anaphase, they will pass into the daughter cells,
proceed through a replication phase and reappear as
"derived" chromosome-type changes at the following
mitosis (paragraph 74 and figure 3).

70. Since chromatid-type aberrations can only be
induced in cells irradiated while in the S or G2 phases
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Figure 3. Examples of "derived" chromosome-type aberrations at the second (X2) mitosis after
irradiationll

n These aberrations have been derived from aberrations that were of the ehromatid·\'.pe at the first mitosis after
irradiation. Note that only a limited number of the possible anaphase configurations are shown and that in Illany
instances an acentric fragment will be lost and may not, for cxample, be found in association with the chromo
some (5) from whieh it is derived.

at various times after irradiation, indicate that, for a
given x-ray exposure, the yield of chromatid-type aber
rations is higher in G2 than in 5 cells. This change in
response both within and between cell phases at the
chromatid-type level underlines one of the difficulties
inherent in the use of these particular aberration types
as indicators of dose.

73. The intraphase variation in sensitivity that has
been observed for chromatid-type aberrations is not
apparent with the chromosome-type aberrations. Studies
on plant cells18, 22, 153, Hi-! and human peripheral blood
leucocytes34, 115, 155·157 (paragraphs 124-137) indicate
that the yield of chromosome-type aberrations is con
stant throughout the G1 phase. In the plant and animal
studies referred to above, it has generally been found
that, at a given dose level, the yield of chromosome
type aberrations is less than the yield of chromatid
type aberrations. The limited comparisons that have
been made between the frequencies of those two
kinds of aberrations in human peripheral blood leu
cocytes suggest that a similar pattern exists, the maxi
mum sensitivity occurring in cells irradiated while in
G

ll
.H1, 142, 144

74. It should be emphasized here that symmetrical
chromatid intrachanges (including duplication, defi
ciencies and pericentric inversions) and symmetrical
interchanges will all result in an abnormal monocentric
chromosome in one (or in both in the case of inter
change) of the daughter cells produced as a result of
mitosis. The replication of these abnormal chromosomes
will result in the appearance of "derived" symmetrical
chromosome-type aberrations at the second mitosis
following their induction. Similarly, if asymmetrical
chromatid interchanges and chromatid fragments are
included in the daughter nuclei, then these also will
result in "derived" chromosome-type aberrations ap
pearing at the second mitosis. Such asymmetrical
chromatid aberrations (for example, dicentric chroma
tids) have a finite probability (up to P = 0.5) of
being transferred intact to one of the daughter nuclei
so that up to one-half of them will inevitably result in
"derived" chromosome-type aberrations (figure 3).
,..
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of the cell cycle, they are clearly quite useless as indi
cators of dose in cells, such as the peripheral blood
leucocytes of man, exposed to radiation while in the
G1 phase. However, these aben-ations can be used as
dose indicators in normally proliferating cell popula
tions, although it should be noted that the yield of
chromatid-type aberrations at any given dose level is
very much dependent upon the exact stage of develop
ment of the cell at the time of exposure (see reference
149) .

71. Detailed studies on cells of the plant Vieia
faba.1~1 have shown that the chromatid-type aberration
yield indl~ .ed by x rays in mid-G2 cells may be three
or four times higher than the yield induced in early
G2 cells. Moreover, G2 cells are more sensitive than
5 cells, and variations also occur within the 5 phase.
Similar variations have also been observed in mam
malian cells irradiated either in vivo or in vitro. For
instance, the yield of chromatid-type aberrations in
Chinese hamster fibroblasts receiving doses of 250 rads
from cobalt-60 gamma rays in vitro was found to be
three times higher in cells exposed while in G2 than
in cells e.-..:posed while in 5.150 Similarly, data on bone
marrow cells taken from Chinese hamsters that had
received 100 rads from x rays151 (240 kV, 15mA, HVL
= 2mm of Cu) or 100 rads from cobalt-60 gamma
ravs151 -in vivo also show that cells in G2 are much
more sensitive than cells irradiated in earlier phases
of the cycle.

72. The limited number of studies that have been
carried out with human cells on change in aberration
yield with change in cell phase all accord with the
earlier observations made on plant and other animal
cells in showing that changes in response occur with
changes in development phase. Most of the studies on
radiation-induced chromatid-type aberrations in human
cells have either been made on samples observed at
only one fixation time after x irradiation141, 143,"144 or
many hours after exposure,8 or on samples fixed at
unspecified times after irradiation. The four studies
on peripheral blood leucocytes142, 144, 146 and on "fibro
blast-type" cells in culture,l1 where samples were fixed
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D. SUnClIROMATlD~TYl'E ABERRATIONS

75. Subc1r"'omatid~type aberrations are exchanges
within or between chromosomes which appear to in
volve a subunit of the chromatid.17 These aberrations
arise spontaneously in meiotic prophase cells of a wide
variety of plant and animal species1-l but have nlJt so
far been recorded in man. They can be induced by
chemical agents, ultra~violet light and ionizing radia
tions,l'i, -lU, -l8 but they are produced only in cells ex
posed while in curly prophase of mitosis or meiosis.

76. Because subchromatid-type aberrations are rela
tively infrequent and because they cannot be induced
by irradiation of unstimulated peripheral blood leu
cocytes (these cells being in early G1 ), no information
on their frequency in irradiated human cells is avail
able. They will, therefore, not be considered further in
this review.

E. AKEUl'LOlDY

77. In cytological preparations of cells from normal
diploid individuals, a small percentage of the cells
appears to be deficient for one or more chromosomes
(i.e., are hypodiploid) and a'~ even smaller percentage
may contain one or possibly more extra chromosomes
(i.e., are hyperdiploid). The frequency of such aneu
ploid cells may vary between individuals as well as
between samples taken concurrently from the same
individual. A certain proportion of the aneuploid cells
is certamly an artefact resulting from cell breakage
durbg cytological processing. However, there is reason
to believe that aneuploidy is a natural phenomenon in
peripheral blood leucocytes of standard diploid in
dividuals and that its frequency may be related to age
und sex of the individual.

78. Cytogenetic surveys on human populations122.
12-l,158-104 have shown that aneuploidy is slightly more
frequent in peripheral blood leucocytes of females than
of males. In females, this aneuphidy is largely a con
sequence of the loss of a chromosome in groups 6 to
12 (possibly an X chromosome, presumably the in
active X), whereas, in males, it is largely a conse
quence of the loss of the Y chromosome. Aneuploidy in
blood leucocyte:; of the ne\v-born may be less than
3 per cent but may reach a value as high as about 13
per cent in adult females and 7 per cent in males. In
males, this increase with age is not clearly apparent
until around age sixty-five, but, in females, it is ap
parent a decade earlier. Kerkis et al.102 have sug
gested that this increase of aneuploidy with age may
be a consequence of differences in the response of cells
to hypotonic treatment in culture.

79. It has been shown122 that the incidence of aneu
ploidy in any given cell culture increases with increasing
culture time as a consequence of cells undergoing more
than one mitotic division in culture. Reference has already
been made to the fact that the presence of chromosome
structural changes in cells will frequently lead to
chromosome loss, and this is to be expected parti
cularly with aberrations that may result in bridges
at anaphase. Thus, the presence of even a low fre
quency of spontaneous or radiation-induced aberrations
at the first division of the cells in culture will lead
to an increase in hypodiploidy in the daughter cells
observed at the second and subsequent mitoses.

80. In addition to the increasing frequency of hypo
diploidy with increasing age, it should be mentioned
that, in rare instances, certain individuals may con-
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tain two or more cell lines differing in chromosome
number as a result of chromosome loss' or gain occur~

ring in the early stages of development of the individual.
These particular instances of chromosome mosaicism are
not entirely relevant here, since the majority of such cases
are to be found in individuals having a cell line
possessing one or more chromosome additional to the
normal diploid chromosome number or, in abnormal
females, containing a proportion of cells lacking an X
chromosome.

81. A number of workers have reported an increased
incidence of aneuploidy (hypodiploidy) in peripheral
blood leucocyte cells obtained from individuals e..~
posed to radiation;14, 128, 120, 105·108 and similar increases
have been reported in in vitro studies.13G, 138, 160-172
Thus, two groups of workers13G,138 suggest, on the
basis of their in vitJ'o data, that the incidence of aneu
ploidy increases linearly with increasing x-ray exposure,
at least up to a certain dose. It should be pointed out,
however, that in all these studies, the cells sampled
had been allowed to grow in culture for seventy-two
hours or more so that in many cases cells in their
second and third division in culture were being sampled
(paragraphs 124-137).

82. In some of the earlier12, 173, 174 and in most of the
more recent studies,lO, 127, 132, 133, 135 no differences have
been found in the incidence of aneuploidy in blood
leucocytes from irradiated individuals or in cells
irradiated 1'n 7.'itro as compared with controls. Buckton
et al.1G quote a mean value of 3.8 per cent aneuploidy
for fifty-three patients treated with x rays for anky
losing spondylitis and a value of 3.7 per cent in nll
irradiated control patients. Similar values of 3 per
cent were noted by Ishihara and Kumatori175 in their
Thorotrast patients and in controls, although rather
higher values of around 10 per cent in both control
and irradiated personnel were found by Visfeldt.127

83. There seems little question that many of the
hypodiploiu cells that have been noted in radiation
studies were either cells that were carrying chromo
some structural changes, such as c1icentrics, or were more
probably cells that had contained aberrations but had
proceeded through more than one mitosis in culture
and had lost aberrant chromosomes (for example,
dicentrics or centric rings) at their first division. The
incidence of aneuploidy cannot, therefore, be simply
correlated with a previous radiation history and can
not be used in a quantitative manner as an indicator
of radiation absorbed dose.

84. In genetic terms, the loss of a normally gene
tically active chromosome from the complement is
serious, and, if it does not result in the death of the
cell, clearly constitutes a mutation. The presence of
aneuploid cells in the germ line would lead to the
formation of inviable zygotes, except in the case of
the loss of one sex chromosome (as discussed in the
1966 report3 of the Committee) or in very rare in
stances of the loss of a chromosome in group GpO-178

F. POLYPLOIDY

85. Many workers have noted that irradiation in
ViV0 15 , 44, 126, 1711, 180 or in vitro130, 140, 173 may result in
an increased incidence of polyploidy in peripheral blood
leucocytes. Thus, Kelly and Brown130 reported that,
with x-ray doses of up to 400 rads in vitro) the incidence
of polyploidy increased in proportion to the square of
the x-ray dose; these authors used culture times of
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,G. ENDOREDUPLICATION

H. CONCLUSIONS

92. The aberrations that have been described must
now he considered from the two viewpoints of their
importance in relation to genetic hazards, particularly
in somatic cells, and of their use in providing a mea
sure of absorbed dose. These aspects wiIl, of course,
be considered in detail in the later sections, but there
are a number of both general and specific points that
can best be made at this time.

90. The presence of cells containing endoredupli
cated chromosomes has, on occasion, been noted in
peripheral blood leucocyte cultures exposed to x irra
diation.Ho, 146, 184, 181S As in the case of polyploidy, cells
showing endoreduplication are sometimes found in
untreated leucocyte cultures, and the process of endore
duplication can be facilitated by exposure of the ceIls
to certain spindle inhibitors, such as co1cemid.

91. No relationship has been found between radia
tion dose and the frequency of endoreduplication.140,
146, 184, 135 ]Vloreover, it is clear that endoreduplication
nccessitates two or more cycles of chromosome repli
cation in culture and is, therefore, rarely observed in
leucocytes cultured for forty-eight hours, whereas it
increases in frequency with increasing culturc time.140.
186 The incidence of endoreduplication has no real
merit as an indicator of absorbed radiation dose.

93. It is clear from the description of the aberra
tions that all result in some kind of genetic change and
that the majority result in genetic deficiencies. If the
deficiencies are small, they may 'be tolerated. The
amount of loss that can be tolerated will depend both
upon the nature of the genetic information lost and
upon the normal destined role of the cell in the body.
Genetic deficiencies in stem cells will, in general, be of
far greater importance than similar deficiencies in cells
that were undergoing differentiation.

94. Many of the asymmetrical aherrations will be
cell-lethal so that their consequences are more or less
immediate. Cell death may follow, either as a direct
consequence of the loss of genetic information in the
form of acentric fragments or even whole chromo
somes, etc., or as a result of the mechanical difficulties
that occur at mitosis. Aberrations in resting cells may
play no role until the cells are stimulated to undergo
mitosis. Only in those tisf tes that normally contain
proliferating cells, therefore, will chromosome aberra
tions be a significant contributory cause of the cell
depletion that occurs very shortly after radiation expo-
sure. However, only a proportion of the aberrations
will result in early cell death, since the presence of
certain structural changes, such as the symmetrical
aberrai\ons described, does not result in a rapid lower
ing of cell viability. If symmetrical aberrations are
produced in germ-cell precursors, they may result in
genetic imbalance in the gametes, leading either to
dominant lethality in the embryo or to drastic effects
in the resultant offspring. It is clear, therefore, that
the aberrations that will contribute to long-term
hazards in both SOt11:ttic cells and germ cells are essen
tially the small deficiencies and symmetrical changes
(duplications, inversions and reciprocal translocations)
that are difficult to score efficiently and are not cell
lethal.
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seventy-two to ninety-six hours. Other authors, for
example, Fischer et al,l7l1 in their work with Thoro
trast patients, although noting an increase in polyploidy
in blood cells of irradiated patients, have found no
quantitative relationship between the frequency of
polyploidy and radiation dose. On the other hand, in
some of the other early work, both in dV0128, 120 and
in vitro,121S there appeared to be no association what
soever between radiation exposure and an increase in
polyploidy.

86. :More recent work has shown that few or, quite
often, no polyploid celIs are observed following in
vi'vo4lS , 181, 182 or -in 'uitroU5 , 183 irradiation, provided the
leucocytes are cultured for no more than forty-eight
to fifty-four hours. However, if cells are cultured for
longer periods of time, then polyploid cells appear
(even in unirradiated samples), and their incidence
increases with increasing culture time up to sixty
eight hours,uu

87. It has been noted4u, 182,183 that a very high pro
portion of polyploid cells contain aberrations, parti
cularly chromosome dicentrics and centric rings, in
pairs (i.e., the aberrations !lave been duplicated). In
the studies of Ishihara and Kumatori182 on the incid
ence of polyploidy in leucocyte cultures irradiated in
vUro and sampled seventy-two hours or ninety-six
hours later (that is, cells in their second, third or fourth
mitosis after irradiation-paragraphs 124-137), it was
found that the tetraploid and octoploid cells consis
tently contained a higher frequency of chromosome
aberrations than the diploid cells in the cultures; that
is, the number of pairs of identical aberrations in the
polyploid cells was greater than the number of single
aberrations found in an equivalent number of diploid
cells.

88. In leucocyte cultures sampled ninety-six hours
after an exposure to 350 roentgens of gamma rays, the
same authors found th~t all the polyploid ceIls con
tained pairs of aberrations (mainly dicentrics, tri
centrics, and rings), whereas only one-third of the
diploid cells contained aberrations of any sort. This
kind of observation suggests that polyploidy in these
cases is largely a consequence of the presence of chro
mosome aberrations. Asymmetrical aherrations will
interfere with the separation of sister chromatids at
mitosis, and interlocked chromosomes and chromo
some bridges will prevent a clean separation of the
anaphase groups. Thus.. the nucleus may not be aHowed
to complete its division but passes into interphase in
its doubled state and re-emerges as a polyploid nucleus
at the next division.

89. It is clear from these considerations that the
bulk of the observed polyploidy is probably a conse
quence of the mechanical difficulties arising from the
presence of asymmetrical aberrations in cells that are
allowed to proceed through a number of divisions in
culture. Polyploidy is, therefore, a secondary pheno
menon, and, since its incidence will vary not only with
dose but also with the number of mitotic cycle3 com
pleted in vitro) it cannot be used as a reliable indicator
of absorbed radiation dose. It is probable that poly
ploidy in somatic cells may be of little significance
in terms of somatic hazards (for instance, polyploidy
exists as a natural phenomenon in a proportion of
normal adult liver cells), although there is no direct
information on this point. Polyploidy in primitive
germ cells (meiocytes) will, however, result in the
formation or unbalanced gametes.



r:=::::=..~-_..1.~~-

! 95. In considering the various kinds of chromo
some aberrations produced by ionizing radiations (and
by other agents), it has already been indicated that
certain types of aberrations may offer a more useful
index than f thers in the context of their possible appli
cation as biological indicators of absorbed dose. Aneu
ploid and polyploid cells produced following radiation
exposure have been shown to arise largely as a second
ary consequence of the presence of chromosome struc
tural changes. !vloreover, the presence of these abnor
mal cell types depends upon the fact that cell division
must intervene between the time of radiation ex
posure and the time of ,;bservation. These particular
anomalies are, therefore, not only less frequent than
the chromosome structural changes that give rise to
them, but also highly variable in their frequency, and
must be considered as very inferior biological end
points relative to the chromosome structural changes.

96. A vast amount of information exists on the
relationship between radiation dose and the yield of
the two kinds of chromosome structural changes (i.e.,
chromosome-type and chromatid-type aberrations) in
a variety of plant and animal cells. This has shown17,22

that, for a given quality of radiation, there exists a
strict relationship between aberration yield and ab
sorbed dose and that, for certain aberration types, the
yield is markedly dependent upon the dose rate and
the stage in development of the cell at the time of
irradiation. Detailed studies, particularly with plant
materials, have shown that, for a given cell type and
known sampling time after irradiation, the variation
between individuals is small and that different observers
score similar aberration yields when materials are
exposed under similar conditions. Indeed, trained
observers using materials such as Tradescantia micro
spores am! Vicia. faba. root-tip cells can, through deter
mining aberration yield, estimate doses to within a
few per cent.

97. The experience and information obtained on
chromosome damage in species other than man suggest
that a similar strict relationship between radiation dose
and chromosome aberration yield should also apply to
human cells, and in vit,'o radiation studies strongly
indicate that such a relationship, in fact, exists. JVlore
over, there is every prospect that, in man, the varia
tion in response at the chromosome level between
different individuals will be of the same order as the
small variation observed between individual plants, and
preliminary studies indicate that this is, in fact, the
case.

98. It has been stressed earlier that chromatid-type
aberrations are only induced by radiation when cells
are exposed while in the S or C2 phases of interphase.
These aberrations are, therefore, of little use as dose
indicators in the case of peripheral blood leucocyte cells
existing in a normal Cl state, but they can be used in
normally proliferating cells. However, it should be
emphasized that great care must be exercised in using
such aberrations, since, even within the confines of the
C2 (or S) period, the yield of chromatid-type changes
is very markedly influenced by the degree of develop
ment of a cell within a given interphase stage. No such
dependence has been noted in relation to chromosome
type aberrations induced in Cl cells.

99. In addition to the constant sensitivity of Cl
cells to chromosome-type aberration induction by
radiation, these particular aberration types have an
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added advantage as possible indicators of radiation
absorbed dose since their spontaneous frequency is
extremely low. A number of cytogenetic surveys on
human populations, in which chromosome analysis has
been carried out on peripheral blood leucocytes taken
fro111 hundreds of individuals, have shown that the
presence of an asymmetrical chromosome-type aberra
tion is an extremely rare event. For instance, an analy
sis of some of the available data (table I) indicates
that a dicentric aberration occurs, at most, about once
in a sample of about 2,000 cells, and possibly its fre
quency may be even less than one in 8,000 cells.

100. It is evident from the foregoing considerations
that, on general cytological grounds, chromosome-type
aberrations are superior to other forms of chromosome
aberrations in terms assessing absorbed dose. It should
also be noted that the simplest and most convenient
source of human material for studying aberration yield
following 1'n VI:"'O exposure are the peripheral blood
leucocytes and that the aberrations that are induced in
these cells by ionizing radiations are chromosome-type
aberrations.

101. It has already been concluded that the fre
quency of chromatid-type aberrations in cultured peri
pheral blood leucocytes may bear no relationship to
the radiation exposure of an individual, and it has
been pointed out that these aberrations may arise spon
taneously in culture or be produced in culture follow
ing virus attack or exposure to certain chemical agents.
It should be added here that the aberrations that may
be induced by virus attack will not influence the yield
of chromosome-type aberrations, provided that only
cells in their first division in culture are sampled. One
can feel fairly sure on this point, since the frequency
of chromosome-type aberrations in blood cells of indi
viduals previously exposed to a virus infection is no
higher than in unexposed individuals.

102. The fact that (paragraph 74) chromatid-type
aberrations seen at the first mitosis following irradia
tion can result in "derived" chromosome-type changes
at the second division will be of importance if cells are
allowed to proceed through more than one division in
culture. The relative importance of such "derived"
changes will depend markedly on dose and will be
small when the yield of true chromosome-type aberra
tions is high but will be very important when the yield
of true chromosome-type changes is low.

103. Although the possible complications introduced
by chromatid-type aberrations and their "derived"
chromosome-type counterparts is obviated if only cells
in their first mitosis after irradiation are sampled
(paragraphs 124-137), we should note that the expo-
sure of individuals (as opposed to cells in vitro) to
certain chemical agents187 may well result in increased
frequency of chromosome-type aberrations in their
peripheral blood leucocytes. It is important, however,
to recall that leucocytes (small lymphocytes) carrying
chromosome-type aberrations may survive in the body
for long periods (up to many years). This complica
tion of in vivo effects of chemical l11utagens may only
be important in relation to individuals that have been
treated for certain clinical conditions with potent chem
icalmutagenic agents,71o 75 for example, nitrogen l11ustard.

104. Finally, it should be stressed that, when
attempts are made to obtain information on absorbed
dose through scoring chromosome-type aberration
yields, it would be valuable if the aberrations were
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cumstances, for example, where serial-marrow aspi- I
rates can be taken shortly after irradiation and when I
the time of exposure is accurately known, the idea of I
using chromosome damage in these particular cell I
systems as a general means of estimating absorbed dose .
cannot be entertained.

111. Because of the change in radiation response I
with cell-development phase, cells that are exposed to [{.
radiation while in a resting phase and are then
stimulated under controlled conditions to proceed into
mitosis offer the best possible system for radiation
dosimetry from the cytological viewpoint. Although
regenerating liver cells fall into this category, clearly
their use in man must be ruled out. However, the
development of a technique (paragraphs 113-123) for
culturing peripheral blood leucocytes and stimulating
them to undergo mitosis in short-term culture has
provided a most suitable cytological system. The
peripheral blood leucocyte culture technique is simple
and reliable. By using this techr..ique, large quantities
of mitotically active cells can be Obtained quickly and
painlessly and, if required, large numbers of samples
can be taken from anyone individual without causing
bodily injury or suffering.

112. Peripheral blood leucocytes from normal
healthy individuals do IH)t usually undergo mitosis in
peripheral blood vessels, and exposure of these cells
to tritium-labelled thymidine~01.103 reveals that less
than one cell in 1,000 Ul iergoes DNA synthesis. It has
been established 10H95 tnat these leucocytes rest in an
early interphase or G1 state so that, following radiation
exposure, they contain chromosome-type aberrations
if and when they appear at mitosis. Moreover, since
these cells are all in the same stage of development, the
variation in response betwee,l cells should be minimal.
Since most of the work on radiation damage in man's
chromosomes has been carried out with these cells, and
because some differences between results obtained in
different laboratories have emerged, some of the details
and various modifications of the techniques used will
now be briefly considered.

B. THE PERIPHERAL BLOOD CULTURE TECHNIQUES

113. A number of recent articles~06. 197 have detailed
the basic principles of the leucocyte culture technique
and have described the earlier developments by Osgood
and his colleagues~08. 199 and by Nowe1l200.201 that
culminated in the successful use of this system for
human cytogenetics.14. 202 In this brief account, there
fore, we shall be concerned only with the general prin
ciples and with certain specific variations in metho
dology that have been used in the studies on radiation
induced chromosome damage to be considered in the
succeeding sections.

114. The culture of peripheral blood leucocytes in
volves the introduction of leucocytes, either following
their separation from the other blood elements or
simply in whole heparinized blood, into a tissue-culture
medium containing a mitotic stimulant. The tissue
culture media used contain a standard, defined, syn
thetic medium (such as TC medium 199) with anti
biotics plus serum (or plasma), the serum making up
from 10 to 40 per cent of the total volume (usually
about 6-10 ml). The serum used may be autologous
or homologous (usually AB) human serum, or fretal
or adult bovine serum.

;;;;; ~)' s •

classified in detail in the form described in paragraphs
25 to 34.
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Ill. l'laterials amlmetbOlls of st\l(ly

A. INTRODUCTION

105. Any tissues containing cells that are normally
involved in proliferation or cells that can be made to
proliferate by various means can be utilized for chromo
some analysis. Chromosome studies on mammalian
cells have been carried out on a variety of proliferating'
tissues, including skin, intestinal epithelium, corneal
epithelittlll, bone marrow, various lymph nodes, spleen,
thymus and gonads (particularly testis). In addition,
certain cells fr0111 tissues that do not normally pro
liferate in the adult animal can be made to undergo
mitosis; this has been done mainly with liver tissue
and blood. Mitotic divisions occur in liver cells when
the liver regenerates following partial hepatectomy, and
blood leucocytes can be stimulated by various means
to proceed into a mitotic phase in short-term In vitro
cultures.

106. All the above cells or tissues have been used
by various workers in studies on radiation-induced
chromosome aberrations. In laboratory mammals, bone
marrow, lymphatic tissues, corneal epithelium, liver
cells, peripheral blood leucocytes and gonads have been
the principal tissues used. In man, the great majority
of the work has been carried out with peripheral blood
leucocytes, and some information has been obtained
using bone marrow and skin.

107. Chromosome preparations can be made from
cells that are proliferating in vivo without the neces
sity for in vitro culture, and direct preparations made
in this way exclude the possibility of adverse effects
arising during in vitro culture. However, in the case
of man, the only tissue from which a sufficient number
of dividing cells can be directly obtained without
recourse to surgery is the bone marrow. Mitotic cells
can, of course, be obtained from skin, but to obtain
sufficient cells of good cytological quality from small
samples of skin requires in vitro culture.

108. Excellent techniques~88. 180 exist for obtaining
direct chromosome preparations for human bone
marrow cells, but, to obtain good quality spreads, the
cells must in all cases be exposed to certain pre
fixation treatments, including treatment with colchicine
and hypotonic saline so that some handling of the
living cells in vitro is required. In the case of human
skin, the standard technique (see reference 190) in
volves setting up primary cultures and making cyto
logical preparations from outgrowing fibroblasts some
days after culture initiation.

109. One major disadvantage of the use of bone
marrow and skin cells in terms of their possible use
in "aberration dosimetry" is the fact that these tissues
consist of populations of asynchronously developing
cells. Thus, when an individual is exposed to radiation,
bone marrow and skin cells in all stages of develop
ment in the mitotic cycle will be irradiated. This means
that both the type and yield of chromosome aberrations
will change quite rapidly with time even in the first
few hours after exposure.

110. Information on the sensitivity of man's proli
ferating cells (both somatic and gonadal) to radiation
induced chromosome damage is of the utmost impor
tance in relation to assessing hazards. However, it

-I
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I 115. The mitotic stimulating agent (or mitogen)
i normally employed is the plant mucoprotein phyto

hemagglutinin (PHA), and it is clear that the cells
that are stimulated to transform into blast cell types
under the action of PHA and then to proceed into
mitosis are the smaIl lymphocytes.102. 203. ::04 Although
PEA is the mitogen that has been used in almost all
radiation work, another plant extract from the p,')ke
weed (PlI),tolacca alllcricalla) is also effective.20~

116. The fact that PHA stimulation appeared to
be restricted to the immunologically competent cell was
partly responsible for the work t:1at led to the finding
that small lymphocytes from donors sensitive to a
particular antigen may be r.tinmlated to transform
into blast ceIls and divide in the presence of this anti
gen.200.20S In fact, this conversion to blast cells also
occurs when lymphocytes from different donors are
mixed in culture in the absence of any plant
mitogen.208, 200

117. The amount of heparinized blood used for a
single culture may be as little as a fraction of a
millilitre (("oJ ;4 ml) if whole blood is inoculated into a
culture vessel containing around 5 millilitres of culture
medium, giving a so-called microculture; or, leucocytes
may he separated from sllmples of around 5 to 10
millilitres of whole blood and approximately 107 cells
inoculated into a culture bottle containing 5 to 10
millilitres of culture medium.

118. In cultures containing PHA and incubated at
37°C, the small lymphocytes are stimulated to undergo
RNA and protein synthesis, enlarge in size and proceed
through a DNA-synthesis phase and thence pass into
mitosis. The first cells to reach mitosis do so after
thirty-six to forty hours in culture. At forty-eight
hours, a considerable number of cells are in their first
division in culture (paragraphs 124-137). We should
note, however, that temperature is, of course, a very
important factor in influencing the rate of cell develop
ment and that fluctuations of as little as 1°C have
marked effects. Moreover, there may be other, as yet
undefined, factors that may influence the cell devel
opment rate.

119. The cells that are stimulated to pass into
mitosis may go through a series of cell cycles so that
the maximum number of celb in division in the culture
are usually to be found approximately seventy-two
hours after culture initiation. The cultures, however,
are strictly short-term and cannot be maintained inde
finitely, since there is a continued decline in the number
of viable mitotic cells after the first few days. In a
large proportion of the laboratories that carry out
human cytogenetic studies, peripheral blood leucocytes
are cultured for seventy-two hours so as to obtain the
maximum number of divisions. This practice has also,
unfortunately, heen the custom in much of the work in
radiation cytogenetics.

120. Up to four hours (or more in certain cases)
prior to termination of a culture, a small amount of
colchicine or diacetylmethylcolchicine ("Colcemid"
-around 0.05 p.g ml-1 of medium) is added to accumu
late cells at the metaphase stage of mitosis. After an
appropriate time, the culture medium is removed,
following centrifugation (5 or 10 minutes) at about
25 to 100 G, and the cells resuspended in a hypotonic
solution such as 1 per cent sodium citrate3 or a 0.75
molar solution of KCI for a few minutes before they
are fixed in acetic alcohol.210 Suspensions of the cells
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in acetic alcohol are dispensed as drops onto clean
microscope slides and allowed to dry,7 the cells flat
tening out during the drying process. Most laboratories
have their own variations on the general cytological
technique outlined here, but the end result is the pro
duction of a number of slides containing- scores of
well spread metaphase cells from each culture. These
cells are usually stained with acetic orcein or Giemsa,
etc., according to individual preferences.

121. Although first class preparations are required
for accurate scoring, the variations between labor~tories

in their detailed cytological procedure after fixation
may not be of great importance in the context of
influencing the frequency of the CHromosome aberra
tions that are eventually scored in metaphase cells.
However, it has been suggested 211, 212 that variations
in the techniques of culture (for example, the ques
tion of type of serum used and the use of whole blood
or leucocytes separated by sedimentation or by cen
trifugation) may be important, since different aberra
tion yidds have been obtained in in vitro studies carried
out by laboratories using slightly different techniques
(paragraphs 154-170).

122. In most of the work on chromosome aberra
tions induced following in vivG radiation exposures,
leucocytes have been separated from blood samples
either in buffy coat, namely, following fairly high speed
centrifugation (("oJ 3,000 rpm in a clinical bench cen
trifuge, or around 1,800 G), or by low-speed centri
fugation «500 rpm or about 25 G) and/or gravity
sedimentation with or without the presence of an agglu
tinating agent. Separated leucocytes have also been
used in many of the ill 'vltro studies, whereas in other
in vitro work small samples (("oJ 0.3 ml) of whole blood
have been used to set up microcultures.213

123. It is not yet known whether there is any selec
tive loss of cells suffering from radiation damage when
high speed centrifugation is used. At equivalent dose
levels, however, aberration yields are significantly
higher in laboratories using the microculture technique
following in vif1·o irradiation of whole blood than in
laboratories using cells obtained following buffy coat
separation (paragraphs 154-183). Recent compari
sons214, 21~ have indicated that there is no difference
in aberration yield between leucocytes separated by
gravity sedimentation and leucocytes cultured as part
of a whole blood inoculum. Direct comparisons between
each of these techniques carried out within the different
laboratories are certainly required.

C. CULTURE SAMPLING TIME

124. It has already been indicated that chromosome
type aberrations in peripheral blood leucocyte cells
offer the best cytological combination, if aberrations
are to be used for biological dosimetry. Consideration
should, therefore, now be given to the influence of
culture sampling time on the yield of these aberrations,
since in recent years it has been clearly shown that
the yield of chromosome-type aberrations declines, as
is, of course, to be expected, with increasing leucocyte
culture time.

125. Most of the published data. on chromosome
type aberration frequencies in human leucocytes cul
tured in vitro have been obtained fr0111 cells that were
allowed to grow in culture for seventy-two hours be
fore fixation and slide preparation. As has already
been mentioned, however, it has been known for some
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time that a number of cells enter into mitosis as early
as thirty-six hours after culture initiation and that a
high proportion of the cells can be seen in division at
forty-eight hours. The presence of mitotic cells in
cultme at forty-eight hours after culture initiation was
noted in some of the early studies by Nowe1l201 and
also by Bender and Prescotpilti More recent work has
now made it quite clear that, at seventy-two hours after
initiation, a majority of the mitotic cells may be in
their second or third divis:on in cultme. It is, in fact,
now evident that the cell-cycle time between successive
mitotic divisions in culture is about twenty to twenty
four hours. 02, 115, ~HO. 21i'

126. It was established by Buckton and Pike4ti,181
from their studies on patients exposed to :, rays for
treatment for ankylosing spondylitis that the frequency
of chromosome-type aberrations in the blood cells of
these patients varied according to the duration for
which the cells were allowed to grow in cultme. Cells
observed after seventy-two hours were found to con··
tain fewer aberrations than cells from the same blood
sample that were allowed to grow in culture for only
forty-eight hams. In cultures fixed after seventy-two
hours, tetraploid cells were present, and these cells
contained duplicated aberrations. Such duplicated aber
rations were not observed at the earlier times, tetra
ploid cells being rare or absent in cultures that were
allowed to grow for only forty-eight hours.

127. Observations. similar to those of Buckton and
Pike were reported by Ishihara and Kumatori175 from
their studies on blood cells obtained from Thorotrast
patients and from 1'U vitro studies on x-irradiated
blood samples obtained from normal individuals. These
latter authors observed that the vields of aberrations
in both in vivo and 1'/1. vitro stuclies were twice as high
in cells harvested after forty-eight hams as they were
after seventy-two hours in culture and roughly four
times as high as the aberration yields in the same cell
populations after ninety-six hours in culture. More
over, their later studies182 on the incidence of poly
ploidy are also in accord with the observations of
Buckton and Pike. Similar observations of a decline in
aberration yield with increasing culture time were
made by Nowell/!l8 although in his studies the longer
culture times of seventy-two and 120 hours were used.

128. In summary, the work at Edinburgh in the
United Kingdom and at Chiba in Japan showed (a) a
reduction in the yield of chromosome-type aberrations
with increasing period of culture from forty-eight to
seventy-two hours; (b) the virtual absence of poly
ploid cells at forty-eight hours but their presence in
high frequency at seventy-two and ninety-six hours;
and (c) the presence of duplicated aberrations in many
of the polyploid cells. These observations led inescap
ably to the conclusion that a considerable proportion
of the cells observed in samples cultured for seventy
two hours and ninety-six hours were cells in their
second (X2) or later (Xs, X4, etc.) divisions in cul
ture. This conclusion was later confirmed by workers
in the Soviet Union217 who showed that many of the
cells observed at metaphase after seventy-two hours in
culture at 37°C were in their third mitosis.

129. The reduction in the frequency of chromosome
type aberrations with increasing culture time follo'ws
from the fact that the aberrant chromosome structure
may be lost at anaphase of mitosis and that a propor
tion of the cells carrying aberrations will, therefore,
be unable to participate in any further mitotic activity.
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For instance, acentric fragments tend to be excluded
frOm anaphase groups at mitosis so that both daughter
cells, if viable, may be difficult to distinguish from
normal cells when they divide at the second division
in culture, particularly if the fragments are very small.

130. In the case of dicentric- and centric-ring aber
rations, a proportion of these structural changes will
result in anaphase bridges so that the aberrations and,
in most instances, the cells carrying them, will be lost
from the dividing population. Recent studies by Nor
man and his colleaguesS4, 218 on aberration yields in cells
cultured for fifty hours and seventy-two hours indi
cate that the probability of loss of a dicentric is 0.5 per
division. Although aberrations and cells carrying aber
rations may be lost, undamaged cells will proliferate
normally and will, therefore, comprise an ever
increasing proportion of the cell population as culture
time increases.

131. Attention was earlier drawn to the fact that
by far the majority of workers have used seventy-two
hour culture periods in their in vivo and 1'1t vitro stu
dies and that most of these quote the autoradiographic
data of Bender and Prescott194 as demonstrating that
cells observed at mitosis after seventy-two-hours in
culture are cells in their first mitosis in culture. In
fact, Bender and Prescott stated that "the cells are in
their first post-labelling division at seventy-two hours"
when the cells were exposed to tritium-labelled thymi
dine for thirty minutes after forty-eight hours ill cul
ture. In their experiment, it 'was clearly pointed out
that "numerous mitoses accumulated (by colchicine)
between forty-two and forty-eight hours in culture",
and the authors refer to "the first wave of mitoses"
occurring at this time. From the recent extensive data
of Sasaki and Norman210 and of Heddle, Evans and
Scott,115 it would appear that the first post-labelled
mitoses seen at seventy-two hours may well have
been cells in their second mitosis in culture, the ma
jority of the cells being exposed to label in the inter
phase period following the first mitosis in culture.

132. In studies of Sasaki and Norman,210 cultures
of separated leucocytes were exposed to tritium-labelled
thymidine after various times during culture and then
sampled at various fixation times to determine the fre
quency of labelled mitotic figures and the patterns of
label over the chromosomes. In addition, cells were
also x irradiated, and the frequencies of polyploid cells
and of cells containing doubled sets of acentric frag
ments were studied after culturing for either fifty hours
or seventy-two hours. The results obtained with these
four different parameters showed that, at seventy-two
hours, 70-80 per cent of the cells were in their second
mitosis in CUlture, whereas there were no indications
of second division cells being present after fifty hours
in culture.

133. In the work of Heddle et at.p5 the mitotic
index, the incidence of polyploidy and the yield of
chromosome-type aberrations were studied using a
whole blood microculture technique. These three para
meters were scored in a series of cultures grown for
periods of from thirty-six to 100 hours. The cultures
were terminated at successive four-hour intervals
throughout this period, and the cells were subjected
to a four-hour colchicine treatment prior to fixation.
This technique made possible an effectively continuous
sampling of all cells from the time of first appearance
of mitosis in culture up to sixty-four hours later. The
results showed that first division cells were observed

.....-r=.--....,-.,,---- : --"''''''-'''''~~

),

j.



D. CONCLUSIONS

138. Chromosome analysis in man can be carried
out quite readily on cells from three sources, namely,
skin, bone marrow and peripheral blood. For qualita
tive work, cells from each of theSe three source~ can
be used, and a number of studies have, in fact, been
made on the persistence and proliferation of cells con
taining symmetrical aberrations in bone marrow and in
blood. In the3e studies, the presence of clones of cells
derived from an original single cell containing a radia
tion-induced symmetrical aberration have been noted in
individuals studied many years after exposure to ioniz
ing radiations.134.222.224 The possible importance of
such persistent symmetrical aberrations as long-term
somatic hazards is considered later.

139. At the quantitative level, where the question
of using the aberrations produced in proliferating cells
to estimate absorbed dose is concerned, various phys
ical and general biological problems arise. These prob
lems will be considered later, wh~reas this section has
been confined to the relative cytological merits of the
various proliferating cell systems. From this discus
sion, it is clear that, from the cytological viewpoint,
as well as because of the ease and simplicity of obtain
ing single or repeated cell samples, the peripheral blood
lymphocytes are {'Lr superior to bone-marrow or skin
cells for quantitative work.

140. These peripheral blood lymphocytes exist in
a uniform stage of development in Cl so that only
chromosome-type aberrations are produced in them
following radiation exposure. The more complex chro
matid and subchromatid-type aberrations that will be
induced in a proportion of the skin and bone-marrow
cells are, therefore, normally absent. However, some
chromatid-type aberrations are observed in irradiated
lymphocytes, but these have been shown to arise during
cell development in culture, and their relatively low
frequency does not raise complications in the scoring of
the chromosome-type changes if only cells in their first
post-irradiation mitosis are scored.

141. Despite the apparent simplicity of the peri
pheral blood leucocyte system, certain differences in
in 'vitro response have been observed between different
laboratories (paragraphs 154-183). Some of these dif
ferences are a consequence of the use of radiations of
differing qualities (paragraphs 154-177) but, from the
discussion of the methods of leucocyte culture used in
various laboratories, it is evident that there are at least
two other factors of importance.

142. First, it is dear that different aberration fre
quencies are observed if cultures are allowed to grow
for various periods of time in excess of fifty-four hours
and that this is almost certainly a consequence of the
appearance in culture of second and subsequent mitoses
which result in increasing the proportion of undam
aged cells. The usual standard fixation time of seventy
two hours used in many laboratories is not only too
late to find many first division cells but may also be on
the border-Hne between waves of second and third
mitoses in culture so that small differences in timing

led other workers2l6. 21G, 221 to expose fifty-hour cul
tures to colcemid for twenty-four hours prior to fixa
tion in order to prevent cells from proceeding into a
second mitosis in culture. The duration of colcemid or
colchicine prefixation treatment may, therefore, be an
additional factor to consider in conjunction with dura
tion and other conditions of culture.

up to fifty-two hours and that a small proportion of
second divisions appeared at around sixty hours. At
approximately sixty-four hours, a significant propor
tion of the cells were in their second division, and, at
seventy-two to seventy-six hours, by far the majority
of cells were in their second or even third divisions
with only a few first division cells present.

134. The data of Heddle et ai.m show that, in cul
tures irradiated in vitro with x rays (150 rad) and
sampled at seventy-two hours, the yield of dicentric
and ring aberrations was approximately half the yield
found in similar cultures grown for up to fifty-six
hours. Furthermore, it was shown that this culture
time of seventy-two hours was at a transition point
between a peak of mitotic activity (due to second divi
sions) occurring at sixty to sixty-four hours and a
later peak (due to third divisions) occurring at seven
ty-six hours.

135. One of the reasons contributing to the use of
seventy-two hours as a standard culture time was the
possibility that irradiated cells were delayed in their
progression through the cell cycle. It is well known
that irradiation can result in mitotic delay in prolifer
ating cells but that the amount of delay depends,
amongst other things, on the stage of development of
the cells at the time of irradiation. For instance, it has
been reported21O that x irradiation of human fibroblast
type cells in tissue culture results in virtually no delay
at the first post-irradiation mitosis of cells irradiated in
early Cl but in a considerable delay in the develop
ment of cells irradiated while in late Cl, S or Cr:.
The recent data of Sasaki and Norman2l6 on blood
cells given a dose' in vitro of 500 rads from x rays
and of Hedclle et aUl5 on microcultures given a dose
in vitro of 150 or 300 rads from x rays have indi
cated that little or no mitotic delay occurs at these
dose levels.

136. The data of Evans155. 156 show that the re
sponse of the peripheral blood leucocytes to x-ray
induced chromosome damage does not change with
development of the cells through the Cl phase in cul
ture. But these data, obtained from cells sampled at
one fixation time, do not preclude the possibility that
more than one cell population with differing radio
sensitivities may be present in culture. There is not a
great deal of information available on this point, but
the data of Norman34 and of Heddle et al.n5 show that
there is no difference in aberration yield between cells
that undergo an early, as opposed to a late, transforma
tion to blast cell types. The available observations,
therefore, suggest that, if there is a variation in the
average rate of development of blood cells in culture
between different individuals, and if there is some indi
cation that certain blood donors may be "slow grow
ers",U5 then this may be of little consequence provided
that only first division cells are sampled for aberra
tion yield.

137. This point of cell cycle times has been con
sidered at some length, since, for comparing quantita
tive data on aberration yield, it is clearly of the utmost
importance to ensure that aberration frequencies are
determined using only first division cells. On the in
formation that is at present available, this would neces
sitate the use of cultures grown for around forty-eight
hours at 37°e. Vve should note, however, that at least
one laboratory45 has reported the presence of a propor
tion of cells in their second mitosis in cultures exposed
to colcemid in their final three hours and terminated
at forty-four to fifty-two and a half hours. This has
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and in culture conditions can be expected to have exag
gerated effects on the aberration frequency. Informa
tion on the rate of decline in aberration yield with
increasing culture time suggests that estimates of
aberration yield made at this late time of seventy
two hours may be too Iow by as much as a factor of
two.

143. Second, it has been suggested that differences
in the methods used to handle the cells (and, in gen
eral, differences in ... ,tlture techniques) might conceiv
ably contribute to variation in aberration yield. This
suggestion needs to be explored, and the various tech
niques must be compared within laboratories. Moreover,
because of the present lack of knowledge concerning
possible subtle effects of minor variations in technique,
it is of the utmost importance for workers in this field
to define clearly the conditions of culture being used,
including temperature, centrifugation methods and cyto
logical techniques.

144. Finally, it cannot be over-emphasized that lab
oratories should endeavour to standardize scoring meth
ods and presentation of data, giving, where possible,
the maximum amount of information on the frequencies
of all the various aberration types as outlined in
paragraphs 24 to 34.

IV. The relationship between aberration yield
and d06e

A. INTRODUCTION

145. In considering the rdationship between radia
tion dose and aberration yield and the significance of
the aberrations in terms of their potential hazard, it
is important to note that a statistically significant in
crease in chromosome-type aberrations is observed in
the peripheral blood leucocytes of individu.l1s exposed
to Iow doses of diagnostic radiation. The human
chromosome complement is, therefore, sensitive to
aberration induction.

146. Reference was made earlier (paragraph 96) to
the relationship that exists between absorbed dose and
aberration yieid in a wide variety of organisms and
cell types. A similar relationship between aberration
yield and dose must also exist in the case of man's
cells, and it is this relationship, coupled with the high
sensitivity of the human chromosome complement, that
forms the basis of the possible use of aberration yield
in dosimetry.

147. Interest in the potential application of aberra
tion yields to estimate dose was largely stimulated by
early observations that the peripheral blood leucocytes
of persons exposed to radiations, either accidentally or
for therapeutic purposes, contained chromosome aber
rations.3 It was generally suggested that, in the case
of accidental exposure, determining chromosome aber
ration yields in an exposed individual might provide
not only a simple but also a much more valid alterna
tive to dose estimates based on physical measurements
and would make possible some sort of direct estimate
of the degree of biological damage incurred.

148. The merits and possible disadvantages of
"chromosome aberration dosimetry" are considered in
paragraphs 326 to 340. The present section is more
concerned with the kinds of data that have been ob
tained from experiments, from radio-therapy treatments
and fron: incidents where aberration frequencies were
determined under conditions where some kind of physi-
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cal estimate of dose was available. The available data
can be separated into two categories, namely, those
that have been obtained in in vitro experiments where
accurate physical estimates of dose were available and
those obtained following in vivo (whole-body or partial
body) exposure where physical doc;e estimates were,
in general, rather less accurate.

149. There are three principal reasons why studies
on the effects of irradiation in vitro are very important
in the context of any biological dosimetry technique
that involves using aberrations produced in vivo. They
are as follows:

(a) Chromosome damage sustained by leucocytes
in 7.'i7.'o can only be readily observed following short
term in 7}itro culturing of the cells. As has already been
seen, studies on aberrations induced in 'vitro are
providing a means for determining the optimum
conditions for sampling and for defining the types
of observations that are required and the conditions
under which they should be made.

(b) Since many of the fundamental aspects of
aberration induction, such as the kinetics of response
and the influence of radiation quality and of exposure
time, etc., are similar in different species and in in
'vitro and in vivo exposures in organisms other than
man, the response of human cells exposed in vitro
is not expected to be different from the response ob
tained in vivo.

(c) Various authors130• 225 have concluded that
the x-ray-induced aberration rates in mammalian
cells in vitro are very similar to those seen in
vivo. There is, thus, a strong possibility that the
sensitivity of the peripheral blood leucocytes in vitro
may be similar to that in I~ivo.

150. Bender's conclusion was arrived at follow
ing comparisons between the response of chromosomes
in Chinese hamster bone-marrow celIs151 and corneal
epithelium celIs22G ancI, more particularly, between
in vivo exposure of bone-marrow cells of the spider
monkey (Ate/es spp.) and ·in v'itro exposure of con
tinuously cultured kidney cells of the same species.12

151. It might be expected that the in vitro irradia
tion of freshly drawn human whole blood, as opposed
to irradiation studies 011 established human cell cul
ture lines, might closely approximate the irradiation of
these cells while they are circulating in the peripheral
blood system. As yet there is only a small amount of
direct information on this point.227

152. In line with this suggestion are the recent
preliminary and unpublished studies of Cleminger228

on rabbits. In this work, blood was taken from animals
and given a total gamma-ray dose of 300 or 500 rads
from cobalt-60 following which the animals themselves
were given either of these doses. Within each dose
level, the aberration yields in blood cells exposed in
vitro and in cells from blood sampled ten minutes af,ter
whole-body irradiation were found to be closely similar.

153. In the in vivo radiation studies made on man,
a considerable amount of data has been accumulating
on aberration yields in peripheral blood lymphocytes
of individuals exposed to radiations, although a great
deal of these data, as is the case in much of the in
vitro work, comes from cultures grown for seventy
two hours or more. Since the conditions of in vivo
exposure are so diverse and the information obtained is
so varied, the in vivo studies will be consicIered sepa
rately according to type of exposure.



these e:-.::periments, and no finn conclusion on the rela
tionship between dose and yield can be drawn from
these data.

159. The original data of Norman and his col
leagues230 were obtained from lymphocytes that were
irradiated in whole blood (100 kV to 1.9 MeV x rays)
and then cultured, after separation by centrifugation,
for seventy-two to ninety hours. Doses of up to 1,200
rads were used, and dose rates ranged from 10 to 200
rads per minute. No effect of dose rate was observed,
and a coefficient for the production of dicentrics of
2.7 lO-Gper cell-roentgen squared was obtained. These
data for dicentrics gave an excellent fit to the equa
tion y = kD2, and the coefficients obtained in these
data are approximately one-half of those obtained by
Bender's group. No significant differences were ob
served between the effects of these two radiations of
different qualities.

160. In the very recent publications from Norman's
group,34. 240 cells have been cultured for fifty hours
as well as seventy-two hours, and doses of up to 5,000
rads have been used. In these experiments, higher aber
ration yields were observed at fifty hours, and the
coefficient for dicentrics and rings in these shorter
term cultures was 5.7 10-6 per cell-roentgen squared,
almost identical with that obtained by Bender and his
colleagues. These data were obtained with x rays from
a linear accelerator giving a mean photon energy of
1.9 MeV, although it should be noted that Bender's
data were obtained with the more efficient 240 kVp
x radiation.241

161. Visfeldt242 in his in vitro work ha& used only
three dose levels of up to 200 rads of cobalt·60 gamma
radiation and has reported higher aberration yields
than Norman et al. and Bender et al. In Visfeldt's
work, leucocytes were separated without resort to
centrifugation, and cultures rather than whole blood
samples were irradiated. Cells were sampled after
forty-eight hours in culture, and it is of interest tc
note that these gamma-ray data from irradiated
cultures approach the high yields obtained with
x-irradiated whole blood microcultures. It is im
portant to note here also that the RBE for chromosome
aberration production is about 0.8 for cobalt-60 gamma
rays relative to 250 kV x rays.24B.244

162. Mouriquand et al.1B8 have exposed separated
leucocytes (gravity sedimentation) in autologous serum
to x irradiation (160 kV, 7.5 mA, 100 R per min) prior
to culture and have sampled cells seventy-two hours
later. The yields of dicentric aberrations obtained by
these workers were higher (cuefficient of 8.2 10-6 per
cell R2) than those obtained -by other authors
who irradiated whole blood. The data of Mouriquand
et al. 138 were very probably obtained from a
mixture of first and second division cells, and their
yields closely approach those obtained in x-irradiated
microcultures sampled at seventy-two hours1l5 and are
about 25 per cent lower than the yields obtained in
microcultures sampled at fifty-four hours.

163. Evans156. 211, 212 has reported data from five
experiments on whole blood x-irradiated (250 kV HVL
1.2 mm Cu) prior to or during culture, using doses
of up to 460 rads and dose rates of from 17.5 to 230.5
rads per minute. These experiments differ from the
others in that whole blood microcultures were used.
The cells were sampled at fifty-four hours, and no dif
f~rences were observed between cultures exposed at
different dose rates. In these experiments, the dicentric
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B. III 1);11'0 STl'DIES

1. X ra3's and galllllla rays

154. Dose-response data from in vitro x-irradiation
studies on peripheral bloocl leucocytes have been ob
tained by fourteen groups of workers. These data ap
pear in twenty-three separate publications,3.1. 35, 125,137,
138, 140. 15G, :m. 220. 238 only thirteen of which report
data on cells cultured for less than fifty-four hours. In
assessing these data, there are at least three important
differences in experimental conditions that are of im
portance. These are (a) the use of different culture
times; (b) the irradiation of whole blood prior to
culture as opposed to the irradiation of blood in cul
ture; and (c) the use of different qualities of x rays.

155. In the original data of Bell and Baker,140 ter
minal deletions and exchange aberrations both in
creased approximately linearly with increasing x-ray
exposure, and the yield of exchange aberrations was
dose-rate dependent. For instance, at 200 roentgens,
2.1 exchanges per cell were recorded when the exposure
rate was 160 roentgens per minute but only 1.0 ex
change per cell when the exposure rate was 1.6 roent
gens per minute. In these experiments, however, the
c~lls were cultured for 100 hours, and, in addition, in
some of the experiments, radiation was given at various
times after culture initiation. No finn conclusions on
response with dose can, therefore, be drawn from these
data.

156. The data of Bender and his colleagues125. 220
were obtained by irradiating whole blood with up to
200 roentgens (250 kV x rays, HVL 2 mm Cu) and
culturing separated leucocytes by using the buffy-coat
technique. In Bender's laboratory, cells were sampled
at seventy-two hours so that the aberration yields re
ported may be under-estimates. Coefficients of aberra
tion production were given as yield per cell-roentgen
in the case of deletions and yield per cell-roentgen
squared in the case of dicentrics and rings. In two
experiments, values of 0.9 and 1.1 10~ deletions per
cell-roentgen and 5.2 and 6.0 10-6 dicentrics + rings
per cell-roentgen squared were obtained.

157. It has been claimed156.211 that Bender's dicen
tric + ring data give a best fit to the relationship
y = kD1.4 rather than to y =kD2, where y =yield,
k = a constant and D = dose. A very relevant point of
interest in these data is the fact that, in the first ex
periment of Bender and Gooch, a culture was grown for
fifty-four hours in addition to parallel cultures grown
for seventy-two hours. In the fifty~four-hour culture,
the aberration yield was 50 per cent higher than in
similarly irradiated cells grown for seventy-two hours.
This is in accord with the expectation that the coefficient
for aberration production obtained from seventy-two
hour samples may be too low.

158. Kelly and Brown137 irradiated whole blood
(200 kV x rays, HVL 1.5 mm Cu) and cultured sepa
rated leucocytes for seventy to ninety-six hours after
exposures of from 100 to 1,600 roentgens. The data were
analysed according to the equation y = kD2, but they
were not uniform. Over the full dose range the coef
ficient for the yield of dicentrics was 0.9 10-6 per cell
roentgen squared and was considerably lower than that
obtained by Bender and his colleagues. If the data ob
tained at exposure above 200 roentgens were omitted,
a coefficient of 5.6 10-.6 per cell-roentgen squared (i.e.,
similar to that obtained by Bender) was obtained.
Clearly, culture time played a very important part in
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and ring aberrations did not increase in proportion to
the square of the dose but give u best fit to the equa
tion 'J' = kDl.:1. The pooled data from all experiments
analysed as a quadrntic, i.e., Y = k +aD + f3D:1, give
a = 3.42 10-:1 and f3 = 3.5 10:°.

164. Bajerska und Liniecki::l31 have recently re
ported experiments on x·irrndiated cultures (180 kV
with 1.05 or 1.8 mm Cu filtrntion) and have obtained
res1tlts somewhat similur to Evans. In these experi
ments, using a dose range of up to 415 rnds given at
dose rntes of around 100 rnds per minute, the yields of
dicentric aberrations best fit the equation y = kD1.3,
und the total yields ure similar to those reported in the
other published duta on x-irrndiated cultures (figure 4).

o Bajerska and Liniecki231 (180 kV x rays)

• Evans (1967)211 (250 kV x rays) /

X Heddle!!.~.115(250kVx rays) ••f>
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• Whole blood x·irradiated in clIltnrc. Cultures grown at 37° C for
fift~' to fifts·follr 110 11 rs. Regression line fitted to data obtained from
blood cells irradiated with 180 to 300 kV x ra)'s Prior to culture
(figure 8).

165. Up until very recently the x-ray in 'vitro data
appeared to be very confusing. vVithin individual la
boratories, consistent and repeatable results were ob
tained, but little uniformity in the form of the rela
tionship between aberration yield and dose existed
between laboratories. Recently acquired experimental
data have markedly improved the picture, however,
particularly if separate consideration is given to data
obtained using different techniques and radiations of
differing quality.

166. Studies by a number of workers have now
dearly demonstrated that 2 MeV x rays are less ef
ficient than 180 to 300 kVp x rays, the RBE being
0.8232, 234·236 when comparisons are made between sam
ples handled in the same way with regard to irradia
tion technique and culture sampling time. The data of
Sasaki23·1 on the dose-response relationship of dicen
trics + rings for radiations of differing qualities are
shown in figure 5. These data were obtained using ir
radiated whole blood cultured for fift) hours prior to
sampling, and the constants and dose exponents for the

fitted lines are as follows: 1.9 MeV and 1.5 MeV
x ray, y = 8.50 10-6 Dl.04; cobalt-60 gamma rays,
y = 25.5 10-6 DU8; 200 kV x rays (HVL 1 mm Cu),
y=81.141O-6 DU6; 14.1 IvleV T(d,n) fast neutrons,
y = 1,039 10-6 D1.24. The D::l relationship for the
1.9 :MeV x rays confirms the earlier studies34. 240 using
radiation of this quality.

167. Sasaki's data on the cobalt-60 gamma rays
are very similar, both in terms of absolute yield of
dicentrics and of dose kinetics, to recent data obtained
with this radiation, under similar culture conditions,
by Sevankayev and Bochkov237 (figure 6). Both these
sets of data differ, however, from Visfe1dt's::l'12 results
and from some recent data of Scott et al.23 -! In these
latter studies, cells were sampled after forty-eight to
fifty-four hours in culture, but the cultures themselves
(stimulated cells) rather than the freshly drawn whole
blood (unstimulated cells) were irradiated. In this
context, it is of interest to note that all the data on
x- or gamma-irradiated cultures give lower dose ex
ponents than do th,= data on irradiated whole blood,
the difference being largely a consequence of higher
yields at low doses in the irradiated cultures (figures
4 and 7).

168. Recent data from five different laboratories on
the yields of dicentric aberrations in cells irradiated in
whole blood prior to culture for up to fifty-four hours,
with x rays of peak kilovoItage ranging from 180 kV
to 300 kV, all give consistent results. These data are
shown in figure 8, and the slope of the fitted line gives
a dose exponent of 1.53. The aberration yields in these
five sets of data are higher than the yields reported by
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n "'hole blood irradiated ill cllltl/rc. Cultures grown at 37° C for
forty·ciglzt to fifty hours. Regression line fitted to data obtained from
blood cells irradiated with ooCo gamma rays prim' to culture (figure 6).

other authors using longer culture periods; for the
purpose of comparison, some of these latter data are
plotted in figure 9.

169. It would appear, therefore, that, in the case
of irradiated whole blood sampled after fifty-four hours
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in culture Or less, the interchange aberrations induced
by high-energy x rays are predominantly a consequence
of the interaction between two lesions produced b)'
independent tracks. However, over the same aberra
tion yield range (up to about two dicentrics per cell)
a significant fraction of the exchange aberrations in
duced by conventional x rays (150-300 kVp) are the
result of the interaction between two lesions produced
by a single track. The importance of this one-track
contribution will, of course, decrease with increasing
dose level.

170. Despite the excellent agreement between sets
of data recently obtained quite independently in different
laboratories, the difference in response, particularly at
low doses, between irradiated cultures and irradiated
whole blood requires further investigation.

2. Fast ncutrons

171. Dose-response data from peripheral blood letleo
cytes exposed to fast neutrons in vitro have been re
ported by three groups of workers, namely, in the
United States, the United Kingdom and Japan.

172. Gooch ct aU~~o in the United States irradiated
whole blood with 14.1 MeV DT and 2.5 MeV DD
fast neutrons with doses of up to 200 rads, and the
separated leucocytes 'were cultured for seventy-two
hours before determining the induced aberration yields.
'With the 14.1 MeV neutron dose delivered at 6 rads
per minute, it was found that "chromosome breaks"
(terminal deletions + intercalary deletions?) increased
slightly more than with the first power of the dose
and that dicentrics plus rings increased as approxi
mately the square of the dose (apparently the best
fit to the equation y = kD'1, for dicentrics + rings
gives a value:!'!o of n = 1.42). The coefficient of aber
ration production for deletions was 2.0 10-3 deletions
per cell-rad and for dicentric and rings 12.1 10-0 aber
rations per cell-rad squared.

173. It has been arguedlOG, ~11 that the curvilinearity
of these dicentric and ring data with 14.1 MeV neu
trons might be due to the sampling of predominantly
second and third division cells at low doses and, as
a result of mi:otic delay, to sampling of an increasing
proportion of first division cells with increasing dose.
There is no direct information on this possibility, but
previous experiments with this quality of radiation on
chromosome-aberration induction in plant cells have
shown that all the aberration types increase approxi
mately linearly with increasing dose.:J.t0.240 However, it
is important to note that, in the more recent studies
of Sasaki:!34 in Japan, using 14.1 MeV neutrons but
with the cells sampled after fifty hours in culture, a
dose exponent for dicentric aberrations of 1.24 was ob
tained.

174. Gooch et al.2~o compared their 14 MeV fast
neutron data with those obtained with 250 kV x rays
and obtained an RBE for these neutrons of approxi
mately two. Preliminary data with 2.5 l\,!:e.V DD neu
trons yielded a linear dose response for all aberration
types and an RBE of approximately four to five for
deletions. It is of interest to note here that these.
authors derived an estimated RBE from in vivo ex
posure of three men to fission spectrum neutrons during
a criticality accident. These estimates were arrived at
after making certain assumptions, and an RBE value
.of the order of five was obtained (figure 10).
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175. Scott ct al.!l411 in the United Kingdom exposed
whole blood to fast neutrons of 0.7 :MeV mean energy
using doses of up to 150 rads. The cells were exposed
prior to or following their introduction into whole
blood n icrocultures. Continuous irradiations were given
over periods of up to twenty-four hour" and involved
dose rates of 6.75 rnds per hour and 3.41 rads per
hour, and short-term irradiations were given at the
approximately thousandfold higher dO!le rate of 50 rads
per minute. No differences in efficiency between chronic
and short-term exposures were fonnd, and in both
cases all aberration types increased linearly with in
creasing- neutron dose. Comparisons with 250 kV x-ray
data (doses of up to 500 rad) gave an RBE value for
these 0.7 1\1eV fission neutrons of around three
(figure 10).

176. In two of the five sets of 0.7 MeV neutron
dose-response data, some indication of a saturation in
aberration yield was indicated at doses of above 100
rads in the chronic low dose-rate experiments. In these
two experiments, the data also indicated a higher yield
(of up to 10-20 per cent) in those cells irradiated while
in the Cl phase in culture (PHA-stimulated blood
cells), as opposed to those cells irradiated prior to
culture (i.e., unstimulated blood). The possibility of
differences between the response to irradiation of stimu
lated and unstimulated cells has already been com
mented on (paragraph 171).

177. It has been suggested that the saturation effect
results from a preferential loss of damaged cells due
to "interphase death" under conditions of continuous
ir;adiation in culture. This possibility again raises the
question of preferential cell loss both prior to and during
culture. It is of interest to note here that, in parallel
to the higher yields of x-ray-induced aberrations ob
served by Scott et al. relative to those observed by
Gooch et al., similar, hut rather more pronounced, in
creases in yield have been observed with the neutron
data. This difference must, of course, partly be the
consequence of differences in culture times and partly
of differences in radiation quality. The. difference is
such that, at equivalent dose levels, the yields of dicet1
trics and rings with the 0.7 MeV neutrons is some
ten times higher than the yields reported with the 14.1
MeV neutrons (figure 10). Further work is most
certainly necessary here.

3. Thc 'l:ariation i1l- 1'esponse between blood samples
obtained from different individuals

178. Perhaps the only consistency among labora
tories which has emerge.d from the -in vitro studies is
the indication that the variation between the in vitro
response of blood cells obtained from different adult
donors of both sexes is very small,125, 131, 143, 220, 250
Five donors have be.en used by the Oak Ridge group,
and data have been presented in two pttblications.125. 220
In no case did the responses to the. same dose level of
cells obtained from different donors differ significantly.

179. In the Harwell studies,250 seven donors were
used, and all yielded closely similar aberration yields
when exposed to similar doses. Moreover, cells from
one donor were used for much of the x-ray dose
response work, and cells were, therefore, sampled at
various times throughout a three-year period. Through
out this period, there was no significant change in the
aberration yield at any given dose.211
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180. Recent work in the Soviet Union2Gl.2G2 has
indicated that the yield of x-ray-induced chromosome
aberrations in peripheral blood lymphG~ytes irradiated
in vitro may be slight!ly higher in cells taken from
infants and from elderly people than in cells taken
from other healthy adults. However, Migeon and
l\1erz2uS had previously reported no significant differ
ences between the responses of lymphocytes from in
fants and adults. Bochkov et al.,2G4 in a study of fifty
nine individuals, reported that there was an influence
of age on the frequency of spontaneous structural re
arrangemei1ts in these individuals. The possibility of
an influence of age of donor on radiation response clearly
merits further study.

181. Studies on plant and animal cells (see refer
ences 17 and 255) have shown that, in a given species,
the presence of an extra chromosome or chromosomes
over and above the normal diploid complement results
in an increased aberration frequency in these cells.
The induced aberration frequency at any given dose
level is, therefore, closely correlated with chromosome
number as well as with chromosome size and chromo
some morphology.2GG

182. Because of the disparity in size between the
X and Y chromosomes in man,2GO it might be expected
that, at a given dose, the frequency of chromosome
aberrations in normal females might be very slightly
greater than the aberration frequency in normal males.
This expected very small difference between sexes has
not yet been demonstrated, but, in line with expecta
tion, a small increase in aberration yield in in vitro
x-irradiated leucocytes from individuals trisomic for
chromosome 21 (Down's syndrome), as compared with
normal individuals, has been reported by three groups
of workers.14S, 14G, 2G7

183. The C011btancy between individuals. and within
indivicluals over a period of a few ye.ars, in the response
of their blood cells to in vitro radiation exposure is
heartening. Nevertheless, it must be strongly em
phasized that the number of donors that have been
compared to date is extremely small. Bearing in mind
the influence of age :mcl of sex on aneuploidy (para
g"raph 78), it is clear that more information is required
£rom a la:'ger number of donors of both sexes encom
passing" a wide age range. Such studies are currently
in progress in a Ilumber of laboratories.
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C. In vivo STUDIES

184. Quantitative studies on aberrations induced in
vivo are beset with a number of difficulties additional
to those considered in the in vitro work. These dif
ficulties will be considered in some detail in this section
as well as in paragraphs 341 to 343. Nevertheless, a
discussion of the in vivo data cannot be initiated with
out emphasizing that difficulties with regard to physical
dosimetry and to biological sampling are inherent in
all the in vivo work. For instance, many studies have
involved partial-body irradiation, and a variety of
qualities of radiation has been used. Estimates of ab
sorbed dose in such cases may not be very meaningful,
and, in fact, difficulties with regard to the non-uni
fonnity of absorbed dose exist even in the case of
so-called uniform whole-body irradiation. Sampling
problems are present because of the distribution, life
span and mobility of the small lymphocyte within the
body. These difficulties should, therefore, be borne in
mind throughout the following discussion.

1. Clinical e;rposttre

185. A number of instances have been recorded
where an increased frequency of chromosome-type aber
rations has been observed in peripheral blood leucocytes
of individuals following the exposure of these indivi
duals to diagnostic x rays. Although, to date, all the
observations have been made on cultures grown for
seventy-two hours or more (and, hence, some of the
chromosome-type aberrations observed could have been
derived following duplication of chromatid-type aberra
tions produced in culture-paragraphs 67 and 93),
control data, where they exist, were also obtained from
cultures grown for a similar period. The increases,
therefore, must be a real consequence of radiation ex
posure.

186. The first observation of a possible effect of
diagnostic x rays in inducing aberrations was made
by Stewart and Sanderson2GS who reported the presence
of two cells containing a dicentric out of a total of
thirty-one cells scored in a patient with Klinefelter's
syndrome. This patient was subjecte.d to a skeletal
survey involving a skin dose of less than 2 rads from
60 kV x rays, and blood samples were taken eight
hours after exposure. Unpublished evidence250, 200 on
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the yield of spontaneous aberrations in Klinefelter pa
tients who have not been exposed to diagnostic x rays
shortly prior to study has indicated that the sponta
neous yield in these individuals is no higher than in
normal individuals (table I).

187. Observations similar to those of Stewart were
made by Conen et al.~Gl, 262 who found two dicentric
aberrations in 121 blood cells of an infant examined
one week after exposure to a series of diagnostic x rays
giving n total dose of 0.8 rad. Bloom and Tji0263 did
not detect any dicentric aberrations in blood cells from
six patients given diagnostic chest x rays involving
exposures of from 20 to 80 milliroentgens, but four
dicentric aberrations were observed in 300 cells of five
patients subjected to gastro-intestinal examination using
fluoroscopy. The exposures of these five patients ranged
from 12 tOo 35 roentgens. and blood samples were in
all cases taken thirty minutes after irradiation.

188. Further indications of what appears to be a
significant elevation in aberration yield are seen in the
data of Court Brown264 on ankylosing spondylitis pa
tiel1ts subjected to dill.gnostic x rays (columns band c
in table I). Moreover, Sasaki et al.26iJ have reported
that, in a scan of over 7,000 cells taken from a total
of eleven individuals, dicentrics were only found in one
man who had received a number of lumbar spinal x-ray
examinations some five years previously.

189. These observations suggest that very low-dose
partial-body x irradiation at low (diagnostic) kilo
\'oltage is capable of inducing a detectable frequency
of chromosome-type aberration. The fact that we can
detect the efiects of such small doses of x rays is a
consequence, first, of the relatively high sensitivity of
human peripheral blood leucocytes to the induction
of chromosome damage by radiation, and, second, of
the extremely low frequency with which chromosome
type aberrations are found in individuals not exposed
to ionizing radiations.

190. More recently, information has become avail
able from patients treated with Thorotrast, a stabilized
colloidal suspension of the dioxide of thorium-232.
Thorotrast is taken up by the reticula-endothelial cells
and deposited in liver and spleen, and, to a lesser
extent, in bone marrow and lymph nodes. Only minute
quantities are excreted so that these tissues are sub
jected to continuous irradiation, much of which is due
to densely ionizing alpha particles.

191. Ishihara and Kumatorj182, 266 reported that a
significant yield of aberrations was to be found in blood
leucocytes of persons given Thorotrast injections some
twenty-five years prior to observation. The residual
body burdens of these persons were estimated by whole
body counting, but no definite correlation was found
between body burden and aberration yield.26i Similarly,
Buckton et al.,224 in a cytogenetic study of thirty-six
patients who received intra-arterial injections of Thoro
trast some eleven to thirty-one years prior to study,
reported a marked increase in aberration yields in the
leucocytes of these patients as compared with those of
control individuals. The cells in this latter study were
cultured from forty-eight to fifty-two hours, and 9.2
per cent of the cells were found to contain unstable
(asymmetrical) aberrations and 5.7 per cent stable
(symmetrical) aberrations. It is of interest to note
that, in this work, a very high frequency of tricentric
aberrations was found (3.8 per 100 cells) and that
many cells contained more than one aberration. This
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high aberration frequency in damaged cells is typical
of damage induced by high LET radiation, such as
the alpha particles of thorium.

192. The high aberration yields obtained by Buck
ton (?t al.~~.J. in their Thorotrnst patients are con
siderably greater than the yields obtained by these
authors\6 in patients receiving a whole-body dose of
SO rads of x rays or a partial-body dose of 300 rads.
However~ in the Thorotrast work, although the volume
of Thorotrast administered and the time interval between
treatment and observation were known, no relationship
between these parameters and aberration yield could
be demonstrated.

193. Fischer et al.170.268 examined blood cells fl'om
twenty individuals who had received Thorotrast from
nineteen to twenty-seven years prior to sampling, and
in these patients estimates of residual body burden
were made through whole-body counting. Nineteen of
these cases showed a significant increase in aberration
frequencies above the background level; the only one
that did not show such an increase had undergone a
retrograde pyelography and had, thus, retained little
radio-activity as was confirmed by the extremelv low
burden registered by the whole-body counte.r. •

194. In this work, it was shown that, with an in
creasing amount of Thorotrast (estimated from whole
body gamma-ray counting), there was an increasing
amount of chromosome damage and a significant linear
correlation between these parameters when the data
were weighted by the time interval elapsing between
administration and observation. However, we should
note that there are several difficulties in assessing these
dose-response relationships, since considerable variation
exists in the distribution of Thorotrast within the
reticulo-endothelial system,224 and estimates of dose
from thorium and its decay products, based on gamma
ray measurements, require that allowance be made for
the self-absorption of alpha rays; this is of particular
importance if the thorium is not uniformly distributed.
Because of these difficulties in physical dosimetry and
since, in the work of Fischer et al.,179 the leucocytes
were cultured for seventy-two hours, it is difficult to
arrive at any meaningful coefficients for aberration pro
duction.

195. Since the original paper of Tough et alY:; who
reported gross chromosome damage in cells from blood
cultures of two patients after x-ray therapy for anky
losing spondylitis, a number of publications dealing
with aberrations induced in patients following radio
therapy have appeared. Most of this work has been
concerned with aspects of aberration induction (such
as the question of the longevity of the small lympho
cyte - paragraphs 252-263) other than the. quantitative
correlation between induced chromosome damage and
absorbed dose. However, a limited amount of data on
dose response in vivo has been obtained, and more
should be available in the near future.

196. Norman et aU,19 obtained a limited amount of
data on two patients receiving doses of 300 rads from
250 kV x rays, using blood samples that were. collected
immediately after irradiation. No details of the method
of exposure were given, and the geometric mean of
the aberration yields from the two rather different
samples was nearly equal to the yield obtained from
normal blood irradiated in vitro and receiving a dose
of 300 raels. In these cases, all the cultures were grown
for seventy-two hours.



197. A more recent paper3-l reports aberration yield
data from six patients treated with (partial-body?)
radio-therapy for malignant disease. Cultures were
grown for fifty hours and seventy-two hours, but no
estimate of dose is given. In considering such partial
body exposures, the question, of course, arises as to
what significance can be attached to a partial-body
dose if such a dose is reported.

198. The aberration yield observed in peripheral
blood leucocytes sampled after a partial-body irradia
tion will depend upon a number of variables including
the following: the physical characteristics of the radia
tion; the region of the body and the volume of tissue
exposed; the absorbed dose in this volume and the
duration of the radiation exposure; the proportion of
the total body lymphocytes that were resident in this
volume during irradiation; the proportion of blood
lymphocytes that traversed this region during irradia
tion; the amount of exchange of lymphocytes between
the lymphatic tissues and peripheral blood and the time
of sampling after irradiation.

199. The question of dosimetry in cases of partial
body exposure is, therefore, complex and will be con
sidered in some detail later (paragraphs 264-273).
However, it is pertinent to note here the recent studies
by '¥inkelstein et al.2-:!'i on chromosome aberrations in
leucocytcs of three patients whose blood was exposed
to extracorporeal irradiation (ECI) prior to renal
transplantation.

200. In this work, blood was passed through a
teHon loop outside the body, using a standard Quinton
Scribner shunt, and was subjected to ECI by exposure
to beta-emiting 90Sr_llOY sources. Exposure times of up
to four to eight hours were used, and the frequency
of dicentric aberrations in leucocytes cultured with
PHA immediately after the termination of the ECI
period was determined. In addition, the frequency of
dicentric aberrations in in v{tro studies on blood put
through the radiation applicator in a single passage
was also determined.

201. In these ECI studies, physical dose estimates
to the blood cells were made on the basis of patient
blood volume, flow rate through the applicator and
duration of irradiation exposure. Although no detailed
data on aberration yields were given, the relationship
between calculated physical doses (integrated over the
whole blood volume) and the doses estimated on
the basis of dicentric aberration yields in sampled blood
leucocytes were compared. The dose ,vas estimated
from the aberration yield through the use of the pro
portionality constant (paragraph 160) of dicentric yield
being equal to 5.7 -I- 0.5 10-6 per cell-rad squared as
determined from previous in ,,-'{tro studies34. 240 of this
group. A very close correspondence between physically
and biological estimated dose was found (table H),
provided that samples were taken after no more than
a four- to eight-hour ECI exposure so that blood
leucocytcs were not replaced by populations of leuco
cytes from the unirradiated lymphoid tissues.

202. In an ECI study carried out by Sharpe et al.243

on a patient with reticulum cell sarcoma, it was found
that the relationship between estimates of dose based
on blood flow rate and on total blood volume of a
patient and of those based on the yield of dicentric
aberrations differed bv a factor of 2.7. The data ob
tained inc!icated that. 'in a treatment lasting three and
a half hours, several cells made many transits through

121

the irradiator and that there was a fairly rapid exchange
between leucocytes of peripheral blood and those in
much larger pools in extravascular sites.

203. Sharpe et al.2611 have recently reported on some
further ECI studies made on a patient with Hodgkins
disease. This work has confirmed and very much ex
tended their earlier findings, and the results are some
what at variance with the conclusions of '¥inkelstein
et al.2:!'i In this recent study,269 it was found, as pre
viously shown by others,:!2'i that the yield of dicentric
aberrations (0.83 per cell), in a sample of the patient's
blood taken prior to ECI treatment and receiving an
in v£tro dose of 300 rads from 2 MeV x rays, was
closely similar to the dicentric yield (0.87 per cell)
obtained from blood allowed to proceed through one
transit of the radiation coil (320 rad from a caesium
137 source) over an exposure period of four seconds.
However, in blood samples taken from the patient
after one and a half, three and twenty-four hours, con
tinuous ECI-treatment, dicentric yields of less than
0.09 per cell were obtained.

204. From these data and from studies on the
distribution of aberrations between cells, Sharpe et
al.209 concluded that there is a rapid exchange between
lymphocytes in blood and lymphocytes in the extra
vascular pool. It was estimated that the peripheral
blood contained 3 grammes of lymphocytes, whereas the
extravascular pool contained between 800 and 1,070
grammes. Two independent estimates of the mean
residence time of lymphocytes in blood gave values of
4.7 and 7.5 minutes.

205. The results of the ECI studies by these two
groups of workers, although somewhat conflicting, are
most interesting, and further work in this field will be
particularly rewarding both from the point of view
of yielding information on the population structure
and movements of the leucocytes and in providing
information applicable to the possible use. of chromo
some aberrations in dosimttry.

206. Following up on its original studies15 on aberra
tions induced by x irradiation of spondylitis patients,
the Edinburgh group has recently reported16 data on
the relationship between aberration yield and radiation
dose in these patients and in patients suffering from
neoplastic disease. With the spondylitis patients, single
partial-body doses of 100 to 700 rads (250 kV x rays,
HVL = 2.7 mm of Cu) were giver; and the cells cul
tured for forty-two to fifty hours. At all doses, blood
samples were taken twenty-four hours after exposure,
but, in some instances, samples were also taken at
earlier and later times. The data indicate a slightly
lower aberration yield in cells cultured immediately
after exposure than in cells sampled for culture twenty
four hours later. A summary of the data obtained is
given in table HI.

207. Although we cannot define the absorbed doses
in these cases for whom data are given in table IH,
there is evidently a clear relationship betwe.en skin
dose and aberration yield. The data are somewhat
variable, and for dicentric and ring aberrations the
aberrations appear to increase in proportion to the
1.5 to 2.4 power of dose, at least for doses up to
300 rads. If the data from one patient given a partial
body dose of 700 rads is included in the kinetic analysis,
then this high dose yield reduces the dose-squared
component considerably. Extrapolation from the data
shown in table HI shows that these yields are higher



than those obtained by :Millard12u from patients exposed
to partial-body (lower abdomen) radiation following
orchidectomy. In l\1illard's data (2 MeV Van del' Graff
x rays), 20 per cent of the cells showed aberrations
after doses between 925 and 1,550 rads and 32 per cent
after doses between 3,100 and 4,330 rads. These latter
data, however, were obtained from peripheral blood
cells that were allowed to grow for seventy-two hours,
and, moreover, the radiation treatment was spread over
a period of thirty-six to seventy-four days.

208. Similar observations to those of Millard have
been made by Dubrova:liO on two myeloma patients
receiving radiation therapy. In this work, patients were
treated with an accumulated partial-boely exposure of
9,000 roentgens, and up to 42 per cent of the leuco
cytes cultured for forty-eight hours were found to con
tain chromosome aberrations. High aberration yields
were also observed in blood cells of a similar patient
sampled thirty-two months after the completion of a
similar course of treatment.

209. Spondylitis patients were also given ten partial
body x-ray dose fractions over a period of twelve to
fourteen days;1U blood samples were collected imme
diately after each treatment. Again, there was a clear
relationship between radiation dose and aberration
yield, the data giving a very good fit to a linear rela
tionship (figure 11). In these data, each fraction
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Figure 11. Yield of fragments and dicentrics plus rings in
ankylosing spondylitis patients exposed to doses of up to
1,500 rads (250 kV x rays) given as a series of fractions

of 150 racls lO

of 150 rads (partial-body dose) gave an average yield
of 3.6 dicentrics and rings per 100 cells analysed.

210. Buckton et al. lo also reported preliminary data,
summarized in table IV, on aberration yield in seven
men suffering from bronchial carcinoma who received
low doses (25 or 50 rad) from whole-body x irradia
tion (2 MeV Van del' Graff). In contrast to the data
obtained from patients exposed to partial-body irra
diation (table III), no differences in aberration yields
were found between bloods sampled immediately after
exposure and twenty-four hours later (however, see
paragraph 211). Moreover, the dose response for dicen
trics and rings after whole-body irradiation was linear
(n in the equation y = c + aDn being equal to 0.92
with 90 per cent confidence limits of 0.5 to 1.4). From
the data presented, it would seem that the aberration
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yield obtained following a whole-body dose of 50 rads
to the cancer patients was equivalent to the yield
obtained with a partial-body dose of 250 rads to the
ankylosing spondylitis patients.

211. The Edinburgh group has recently extended its
studies on whole-body irradiation of patients with
bronchial carcinoma and has now reported:lil data
obtained from a further nine patients exposed within
the dose range 17 to 50 rads. The dicentric and ring
aberration frequencies in fifty-three-hour cultures of
blood cells sampled immediately after irradiation and
twenty-four hours later are summarized in table V for
each of the sixteen patients.

212. In these data, there is a significant increase in
aberration yield in bloods sampled twenty-four hours
post-treatment as opposed to ·bloods sampled imme
diately after exposure in patients receiving doses of
50 rads. This observation is entirely in line with the
earlier observations made by this group of workers on
ank)'losing spondylitis patients exposed to partial-bodv
irradiation (paragraphs 206 and 210). •

213. Analysis of the data obtained fro111 these whol~

body exposures revealed that the yield of dicentric and
ring aberrations in blood sampled immediately after
irradiation increased as the 1.13 power of dose
(n = 1.13 with 95 per cent confidence limits of 0.52
to 1.74), whereas, in blood sampled twenty-four hours
later, the yield increased as the 1.88 power of dose
(n = 1.88 with 95 per cent confidence limit of 1.24 to
2.50). These two sets of data are shown in figures 12
and 13.
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• Datll from blood sample. taken immediately after l'IIdiation expo
sure. Points arc f!'Om data given in table V, and curved lines represent
the 9S per cent confidence limits of the regression line.

214. It is of interest to compare the 25-rad and 50
rad whole-body irradiation data with data obtained
using similar doses (but with various qualities of
radiation) by other authors in in vit1'o studies. These



• Data from blood samples taken twenty-four hours after radiation
exposure. Points are from data given in table V, and eurved lines
represent the 95 per eent confidence limits of the regression line.
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radiation workers who had received dose equivalents of
up to 88 rems accumulated at an average rate of from
1 to 3 rems per year, whereas in ten control individuals
no dicentrics were observed in 4,219 cells. Later
studies165 were carried out on thirty-six radiation
workers who had received cumulative doses of from
10 to 98 rads with a median annual dose rate of 1.45
rads per year. In this later work, fourteen dicentrics
were observed in 14,839 cells, whereas in twenty-three
control individuals no dicentrics were observed in 5,784
cells. Observations similar to these have recently been
made by Lisco and LiSC0277 and by Gorizontova.278

217. Studies somewhat similar to those of Norman
and his colleagues have been reported by Court Brown
et aF·76 and Buckton et al.132 These authors studied sixty
seven adult males working in atomic energy establishments
and divided their sample into five groups: (a) a control
group that had received a cumulative dose of less than
1 rad; (b) a group with an average accumulated dose
of 3.8 rads, with a range from 1 to 10 rads; (c) a
group with an average accumulated dose of 27 rads,
with a range from 23 to 34 rads; (d) a group with
an average accumulated dose of 24 rads, with a range
from 15 to 37 rads; (e) a group with an average
accumUlated dose of 84 rads, with a range from 75
to 98 rads. The irradiated groups differed not only in
the doses received but also with respect to the time
over which the exposures occurred. The control group
did not differ cytologically from a control population
drawn from outside atomic energy establishments, but
all the irradiated groups showed a highly significant
increase in aberration yield. Although yields of dicen
tric and ring aberrations of as high as eight per 1,000
cells were observed, no correlation between dose and
yield could be discerned.

218. Visfeldt127 studied aberration yields in peri
pheral blood cells of ten members of the staff of the
Copenhagen Radium Institute who had received
cumulative doses ranging from 1 to 116 rads over a
period of ten years. Again, a clear increase in aberra
tion yield was observed in irradiated (thirteen dicen
trics plus rings in 950 cells) personnel as opposed to
control (zero dicentrics plus rings in 300 cells) per
sonnel, but the data are once more too meagre to
show any correlation with the dose received.

219. EI-Alfi et 111.279 analysed blood cells from
twelve radiation workers, exposed over periods as long
as four years, who received cumulative dose equivalents
of up to 1,110 millirems of x, gamma or beta rays or up
to 9,722 millirems of neutrons. No details on the quality
of the radiation nor on the kinds of exposures were
given, but significant increases in aberration yields were
observed in the six individuals exposed to neutrons
when compared with nine control individuals.

220. Data somewhat similar to those of Visfeldt's
have recently been reported by Wald et al.136 These
authors studied aberration yields in six nuclear industry
workers who had received external body dose equi
valents ranging from 25 to SS rems at an average
accumulation rate of 4.3 rems per year. A significant
increase in the frequency of stable and unstable aberra
tions in irradiated as opposed to control personnel was
noted, but no relationship with the various dose levels
could be discerned, and no detailed cytogenetic data are
given.

221. A number of studies have been carried out on
persons who have worked in the luminizing industry
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comparisons are set out in table VI where it may be
seen that scores obtained in the in vivo work fall in
between the lowest and highest yields reported for the
same absorbed doses in the in vitro studies. It is dis
appointing to note that, in the only in vitro work
where a radiation quality similar to that used in the
in vivo studies was used and where the cells were
cultured for fifty hours, the aberration yield at a dose
of 50 rads was four times lower than that found in
the in vivo studies. However, the observations were
made in different laboratories where techniques were
not entirely comparable.

215. In addition to the data on therapeutic ex
posure to external radiation sources, there is some
information on aberration yields in patients to whom
radio-active materials had been administered internally
for therapeutic purposes. Boyd et al.272 initially reported
that types of chromosome damage similar to those re
ported by Tough et al.15 were to be found in blood
cells of patients treated with radio-active iodine. It was
suggested that, in quantitative terms, the effects of 100
millicuries of radio-iodine were similar to the effects
of a partial-body dose of 250 rads of x rays and that
a lO-millicurie dose of radio-iodine was probably suffi
cient to produce recognizable chromosome damage.
Similar findings with radio-active iodine were also re
ported by other authors.172. 273-275 and, in one report,274
a significant yield of aberrations was observed fourteen
years after completion of treatment.

2. Ocwpa.tiona.l esposure

216. A number of workers have reported the presence
of chromosome-type aberrations in individuals receiving
chronic low doses from external sources.U7. 132, 136, 165,
168,239,263,265,268, 276-280 Norman and his colleagues265
observed seven dicentrics in 5,138 cells from ten hospital
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and who have, as a consequence, high body contents
of radium-226. These studies also have shown a signifi
cant increase in aberration yields in exposed versus
unexposed individuals, even in individuals having body
burdens well below the maximum permissible leveI,167. 281
vVith these internal emitters, there is some evidence
of a consistent gradient of increasing aberration yield
with increasing radium body burden.282 In the data
of Boyd et al.282 on individuals who accumulated body
burdens between 0.10 and 0.56 microcuries of radium
226 eighteen ye..'1.rs prior to study, some 3.2 per cent
of the cells were classed as "unstable" and found to
contain asymmetrical aberrations. In this work, the
total occupational dose equivalent from external gamma
rays averaged about 90 rems. There was 110 associa
tion between these low-level external exposures and
aberration yield.

222. These data on occupationally exposed indi
viduals all show significant increases in aberration yield
in persons exposed to very low dose levels. This is, of
course, in line with the earlier observations on the
effects of low doses of diagnostic radiation. Moreover,
it should be emphasize.d that, in those cases where
accurate physical dosimetry has been carried out, it is
possible to state that significant aberration yields have
been observed in individuals receiving doses below the
permissible levels.

3. Accidental e.vposure

223. Bender and Gooch'128. 129 studied aberration
yields in peripheral blood cells of eight men exposed
accidentally to mixed gamma and fast neutron radia
tion. The doses were estimated to range from 23 rads
to 365 rads, with the neutrons comprising some 26
per cent of the total dose. No chromosome-type aberra
tions were found in five control individuals (total of
458 cells), but dicentrics and rings were present in all
five individuals exposed to doses calculated to be over
200 rads. Blood samples were first collected twenty
nine months after the original exposure and then a
year and a half later. Aberrations were present in all
individuals except the person exposed at the lowest
dose level. In one individual who received an estimated
339 rads, the frequency of dicentric and ring aberra
tions was 0.166 per cell (table VII). All the cultures
in these cases were grown for seventy-two hours. Goh283
followed up these observations and examined cells from
blood samples, cultured for seventy-two hours, taken
from six of these men seven years after the original
accident. Cells from bone marrow were also sampled.
Aberrations were observed both in cells from the mar
row and in cells from peripheral blood, but dicentric
aberrations were absent in marrow cells. Although the
over-all frequencies of aberrations in peripheral blood
cells had declined with time after exposure, significant
yields of dicentric and ring aberrations were observed
on each of the three occasions when samples were
taken. The published data on dicentric and ring aberra
tions in these studies are summarized in table VII.

224. In a later criticality accident,131.229 three men
received estimated doses of 12, 22.5 and 47 rads of
mixed radiation (gamma and fission neutrons) , the
neutrons contributing, in the different individuals,
25-50 per cent of the total dose. In these cases, blood
was sampled from four hours up to two years after
exposure, and the cultures were grown for seventy
two hours. Dicentric aberrations were observed in all
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three individuals, their frequency showing a clear in
crease with increasing dose. A reasonable correlation
between estimated physical dose and aberration yield
was observed with some 3 per cent of the cells being
affected at the highest dose level. Using these data,
previous in vitro information and certain assumptions,
it was suggested that the RBE for fission-spectrum
neutrons versus gamma rays was of the order of five
to one.

225. Biola and Le G0 284 have described studies on
blood samples taken from an individual four days after
a highly non-uniform exposure to mixed gamma and
neutron radiation in an incident at Mol, Belgium.
Physical estimates of dose suggested that the individual
had received a mid-line exposure of around 500 rads.
In parallel with the studies on the blood sample from
the irradiated individual, studies were also made on
blood cells taken from a normal individual and then
exposed to cobalt-60 gamma rays with doses of 400
and 600 rads. For comparison with the data of Gooch
and Bender,229 all cultures were harvested at seventy
two hours or ninety-six hours, although it was evident
that at seventy-two hours at least 10 per cent of the
cells were in their second mitosis in culture. The aber
ration yields observed, therefore, were clearly an
under-estimate of the true yield, but, since cultures of
the blood of the irradiated individual and of the cells
irradiated in vitro were handled in exactly the same
way, valid comparisons could be made. The actual
yields observed in vitro were similar to those obtained
by Gooch and Bender229 at the lower dose levels and to
those obtained by Kelly and Brown137 at the higher
doses. The in vitro yield at a dose of 450 rads was
equivalent to the yield obtained in the cultures from
the irradiated individual so that a good correlation
existed between physically estimated and biologically
estimated dose.

226. More recently, Buckton et a1.132 analysed cells
from two men who accidentally received whole-body
doses of 17 and 18 rads, the men having additionally
accumulated 10 and 9 rads, respectively, as an occupa
tional exposure over several years of routine employ
ment. Dicentric and ring aberrations were present in
the blood cells of both men at levels up to a maximum
of 3 per cent, depending on whether blood was taken
at forty-eight hours or at one or three months following
exposure. One of the two controls who had received
occupational exposures of approximately 2 to 3 roent
gens had a dicentric and ring frequency of approxi
mately 1 per cent on two out of the three occasions
on which his blood was sampled. The data here are too
scanty to draw any conclusions on dose relationship.

227. Sugahara et al.285 have reported data obtained
from two men exposed to external irradiation from
250 kV x rays and cobalt-60 gamma rays, with esti
mated exposures of, respectively, 66 and 40 roentgens,
and studied ten and twelve months after exposure.
In addition,' data were obtained from a further three
men who inhaled uranyl fluoride and from whom blood
cells were taken forty days after the accident. The
amounts of uranyl fluoride (estimated from urine ex
cretion) taken up ranged from 2.2 milligraml11es to
3.9 milligrammes, representing an inhalation of between
2.6 and 4.6 10-3 microcuries.

228. In blood cells obtained from all five men in
this study,285 significant increases in aberration yields,
as compared with those in cells obtained from control
individuals, were noted, and dicentric and ring aberra-
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tions were present in cultures from all but one of the
individuals. The authors point out that the frequency
of aberrations in the x- and gamma-irradiated in
dividuals were in the range expected from earlier
observations of other workers128, 131 but that almost
equivalent yields were obtained in two of the three
men who had inhaled uranium (3.2 per cent enriched
uranium). The cumulative, external, occupational dose
equivalents of these men were small, ranging from 128
to 936 millirems. The observations made on these
three men were comparable with those reported by
Boyd et al.282 on luminous dial painters (paragraph
219).

229. "Vald et al.130 have carried out cytogenetic
studies on a group of seven workers who accidentally
inhaled iodine-125 and whose body burdens were
measured by direct counting methods. Body burdens
ranging from 1.2 to 111 microcuries were determined.
These workers had also been exposed to external
sources and had accumulated dose equivalents ranging
from 1 to 18.8 rems at an average rate of 1.4 rems
per year. No details of the qualities of the external
radiations were given. The data clearly show a signifi
cant increase in the frequency of cells carrying un
stable aberrations over controls, but no breakdown of
the aberration data is given.

I

230. Observations similar to those reported above
have been made by Lejeune and his colleagues280 on
four individuals, one of whom received an estimated
maximum dose of 33 rads of neutron and gamma rays
(following an accidental exposure to a proton beam),
and the others were exposed to unknown quantities of
gamma rays, although in one individual the estimated
dose was between 35 and 50 rads. Significantly in
creased aberration yields relative to controls were
observed in samples taken at various intervals up to
one year after irradiation. The aberrations included
dicentrics and rings as well as a number of symmetrical
changes, and the cells were cultured for seventy-two
hours prior to preparation. In the individuals in whom
physical estimates of dose were available, it was shown
that the aberration yields observed were reasonably
consistent with those predicted on the basis of the aber
ration-yield coefficient quoted by Bender and Gooch229
(parag'raph 156). The authors were careful to point
out, however, that the data were insufficient to draw
any firm conclusions on the relation between aberra
tion yield and dose in these individuals.

231. Lisco and Lisc0287 have recently examined
peripheral blood leucocytes (forty-eight-hour and sev
enty-two-hour cultures) of two radiation workers who
exposed their right hands to mixed gamma-beta radia
tion from an iridium-192 source. The exposure was for
a ten-minute period, and the physically estimated dose
to the hands was 3,000 rads, 10 per cent of which was
from gamma radiation. Eleven days after exposure,
the yield of dicentric and ring aberrations in cells of
both individuals was around 0.05 per cell (equivalent
to that observed with a 50-rad whole-body dose from
x rays), and high aberration yields were noted in each
of the follow-up studies carried out at intervals up to
three years after the accident. No aberrations were
observed in bone-marrow cells.

232. The rather sparse data obtained from, fortu
nately rare, accidents underline the earlier statement
that one of the complications in accidental exposure is
the difficulty of obtaining good physical estimates of
dose, particularly in those cases of mixed radiation
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exposure. In general, the cytological data that have
been obtained are not inconsistent, but they are still
too scanty to draw any firm conclusions on the useful
ness of aberration yield for biological dosimetry in
these particular cases.

4. Nuclear e.-.plosion

233. A number of studies133'135, 168, 175, 182, 221 ,have
been made on survivors at Hiroshima and NaR"asaki
who were exposed to radiation from nuclear explosion
in 1945. The data of Ishihara and Kumatori,135, 175
obtained from blood cells of persons who were between
500 and 2,000 metres from the hypocentre and who
were studied nineteen years later, show a significant
increase over control individuals in the yield of asym
metrical and symmetrical aberrations.

234. Bloom et al.133• 134, 288, 289 carried out surveys
on survivors in different age groups. In the first
study133 on ninety-four exposed individuals and ninety
four matched controls, all the. individuals sampled were
under the age of thirty years at the time of the bomb
ings in 1945. Chromosome aberrations were found in
0.6 per cent of the peripheral blood leucocyte cells in
the exposed individuals, whereas only 0.01 per cent
of the cells contained aberrations in control individuals.
In the control individuals, no dicentric aberrations were
observed in the 8,847 cells scored, but nine such aber
rations were found in 8,283 cells from the irradiated
population sampled twenty years after exposure.

235. In the second survey by Bloom et al.134 ob
servations were made on seventy-seven heavily exposed
(estimated dose greater than 200 rad of mixed gamma
neutron radiation) survivors and eighty control in
dividuals, all of whom were over the age of thirty
years at the time of the bombings. Sixty-one per cent
of the heavily exposed survivors and 16 per cent of
the controls were found to contain aberrations at a
frequency of 1.5 per cent in cells of exposed individuals
as opposed to 0.3 per cent in cells of control individuals.
One dicentric aberration was detected in the 7,188 cells
scored from controls, and this was observed in a cell
from an eighty-year-old male. In the irradiated in
dividuals, eight dicentrics were found in the 6,778 cells
studied.

236. The relative frequencies of the asymmetrical
dicentric, ring and fragment aberrations in the survivors
of the two different age groups were very similar.
However, the symmetrical translocations and inver
sions were found to be more frequent in the older
exposed survivors than in the younger ones. In parallel
with this latter observation, it was noted that sym
metrical aberrations were also more frequent in the
older of the two control groups. These observations
once more raised the question of whether the sensi
tivity to aberration induction by radiation might be
related to age, a problem that requires urgent attention.

237. The most frequent aberrations observed by
Bloom et al. l34 in the exposed older survivors were
translocations which were present in seventy-two of
the 6,778 cells scored. It was noted, however, that
twenty of these cells containing a translocation were
detected in four individuals, and these represented five
different types of translocation or five possible cell
clones.

238. E~timates of the dose sustained by the exposed
older surVlvors ranged from 204 to 991 rads of mixed
gamma and neutron radiation. A preliminary attempt
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to correlate aberration frequency with physically esti
mated dose suggested that the aberrations increased
approximately linearly over the dose range studied,
the over-all aberration frequency bping about 1 per cent
at 200 rads and increasing by approximately 0.5 per
cent per 100-rad increment. It should be noted, how
ever, that, in this work, the leucocytes were cultured
for a period ranging from 66 to 70 hours, and, of
course, samples were studied twenty years after an
original radiation exposure.

239. 'Workers at the Atomic Bomb Casualty Com
mission 280 have analysed the karyotypes of 128 in
dividuals who were born after at least one of their
parents had received a minimum exposure of 100
rads as a result of the atomic bombings at Hiroshima
and Nagasaki. Control studies were carried out on
fifty-seven sibs of these individuals who were born
before the time of the bombings. Particular attention
was devoted to the 103 individuals who were born in
the first five years after parental exposure. but no
significant increase in chromosomally abnormal indi
viduals could be detected. However, a detailed study
of thirty-eight in utero exposed survivors,288 whose
mothers had been exposed to more than 100 rads
(estimated range 104-477 rad) at the time of the
bombings, revealed a small but significant increase in
the frequency of lymphocytes with complex chromo
somal rearrangements (0.52 per cent) as compared
with matched control individuals (0.04 per cent).

240. Sasaki and Miyata221 re-opened the question
of the relationship between aberration yield and esti
mated physical dose in the atomic bomb survivors
and presented a considerable amount of detailed data
obtained from the scoring of over 80,000 cells from
exposed and control individuals. Chromosome analysis
was carried out on fifty-one Hiroshima survivors and
eleven controls twenty-two years after the original
exposure. Care was taken to score only cells dividing
for the first time in culture, and the cultures were
terminated after fifty hours. The aberrations were
classified as outlined in paragraphs 24 to 34, and it
was found that the mean number of dicentrics and
rings in the exposed individuals (201 in 73,996 cells)
was 0.0024 per cell as compared with 0.0002 per cell
(2 in 9,510 cells) in the controls. It was also shown
that the frequency of cells carrying stable symmetrical
rearrangements (largely reciprocal translocations) was
0.40 per cent in exposed individuals as compared with
0.07 per cent in controls.

241. A significant yield of aberrations was observed
among nineteen survivors who were more than 2.4
kilometres from the hypocentre and who, as was
estimated on the basis of physical considerations, had
received a dose of the order of 1 rad. Eleven of these
individuals entered the bombed area within three days
after the bombing, and the frequency of dicentrics and
rings in these individuals was 0.0013 per cell as com
pared with a frequency of 0.0006 per cell in the eight
individuals who did not enter the bombed zone.

242. The exposed individuals were divided into four
groups based on distance from the hypocentre at the
time of the bombing and on whether they were directly
exposed or shielded by wood or by concrete. Propor
tionally more cells with aberrations appeared in sur
vivors exposed at the shortest distance from the hypo
centre, and, at a given distance, the aberration yield
was highest in those directly exposed, intermediate
in those shielded bv wood and lowest in those shielded
by concrete. J
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243. Since the observations were made twenty-two
years after the original exposure, Sasaki and Miy·ata221
used two different methods in an attempt to obtain
dose estimates. Studies by other workers33• 44, 200 have
shown that the proportion of peripheral blood IYll1pho~

cytes carrying stable chromosome rearrangements (Cs
cells) observed many years after an irradiation exposure
remains unchanged from the proportion observed
shortly after exposure. The ratio of Cs cells to normal
cells could, therefore, be used as an end-point in these
Hiroshima survivors, and the relationship between this
end-point and distance from the hypocentre is shown
in figure 14.
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Figure 14. Frequency of C. cells as a portion of all (except Cu)
cells plotted against distance from hypocentre221

244. Asymmetrical aberrations would, of course,
have been largely eliminated over the twenty-two years
since exposure so that the total frequencies of dicentric
and ring aberrations in individuals at different distances
from the hypocentre would not offer a good method
of relating aberration yield to absorbed dose. How
ever, the distribution of chromosome aberrations within
X1ClI cells which had not divided since exposure should
be the same as that existing immediately after exposure.
In figure 15 are shown the number of dicentric and
ring aberrations in ClI cells in relation to distance from
the hypocentre.

245. Using the proportion of Cs cells to normal
cells and the number of dicentric-plus-ring aberrations
in ell cells, Sasaki and Miyata221 obtained absorbed
dose estimates simply by relating the values given in
figures 14 and 15 to equivalent yields obtained with
measured doses of 2 MeV x rays in in vitro studies.
Figure 16 shows the dose estimates obtained in this
way (without attempting to make corrections for
shielding. or for quality of radiation, etc.) plotted
against distance from the hypocentre. The dashed line
in this figure shows a recent201 indirect physical estimate
of air close for comparison with the dose arrived at
by using the biological methods.

246. The estimates based on chromosome aberration
yields compared with the physical estimates (figure 16)
are low in the survivors exposed close to the hypo
centre and high in the remotely exposed people. The
authors221 suggest that these differences may reflect a
selective mortality over the twenty-two-year period in
the population exposed near the hypocentre ancl that
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Figure 15. Number of dicentrics plus rings per X,Cu cell versus distance from hypocentre221
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posited radio-active material. Samples ,;,'ere first taken
ten years after exposure and repeated sampHng has
continued since that time. In the original study135 it
was found that the aberration yield in the irradiated
individuals was significantly above controls and that
dicentric aberrations were present, but it was not
possible to correlate aherration yields with physically
estimated doses, However, when the individuals were
divided into three groups according to the degree of
damage indicated by the lowest neutrophil levels
reached shortly after exposure, it was found that the
mean frequencies of cells containing aberrations in these
three groups were correlated with the extent of damage
indicated by the original haematological findings. Follow-
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Figure 16. Average total-body absorbed dose estimated from the frequency of chromosome aberra
tions in Hiroshima survivors221 n

individuals who were more than 2.4 kilometres away
might have received radiations from sources other than
the primary rays.

247. Three papers describe observations on peri
pheral blood chromosomes of individuals accidentally
exposed to radiation from radio-aetiv,e fall-out due to
the explosion of a thermonuclear device at Bikini in
1954.

248. Ishihara and KumatorP35. 292, 293 studied cells
obtained from eighteen of the twenty-two fishermen
whose external exposure resulted in doses estimated
to range from 220 to 660 rads and who had also re
ceived an unknown contribution from internally de-

j
I

I
1



up studies showed that three individuals possessed
clones of cells with chromosome abnormalities in their
bone marrow, and it was noted that these three per
sons were, in fact, in the group who had the lowest
neutrophil counts shortly after exposure.

249. Lisco and Conard~IH have recently studied
blood cells obtained from fifty-one l\Iarshallese, of
whom thirty had received an estimated whole-body
gamma-ray dose of 175 rads, thirteen had received
approximately 70 rads, and eight had not been exposed
and served as controls. The results are curious in that
more acentric fragments were found in controls than
in irradiated individuals. However, if we consider only
the dicentric and ring aberrations, a difference between
exposed and unexposed individuals is observed. In the
controls, no asymmetrical exchange aberrations were
found in the 400 cells analvsed, but three dicentrics
and rings were found in 650 cells from the 70-rad
group and six in 1,500 cells in the 175-rnd group. A
similar diff"'-ence between control and exposed indi
viduals was found for symmetrical exchange aberra
tions.

250. These data from individuals exposed to radia
tion following nuclear explosions all show significant
aberration yields in the survivors studied. Moreover.
the observations confirm earlier studies which showed
that radiation-induced chromosome aberrations can be
detected in leucocytes· of individuals exposed to radia
tion for clinical reasons up to twenty-two years prior
to observation. Most of these earlier studies did not
permit quantitative conclusions relating aberration yield
to absorbed dose, but the recent extensive data and
analyses on Hiroshima survivors suggest that a fair
measure of agreement exists between dose estimates
based on the yields of chromosome aberrations and in
direct estimates of air dose arrived at through the use
of physical methods.

251. From the data discussed thus far it is evident
that the aberration yield must decline with increasing
time interval between irradiation and blood sampling,
and the influence of this factor on aberration yield
should now be considered.

5. Time of sampling after radiation e.1:posure

252. Since the first publicationsH • 1~8 demonstrating
that a signi{i('ant yield of aberrations could be observed
in blood cells of individuals exposed to radiation many
years earlier, virtually all of the publications on in vi'vo
exposure present data confirming these observations.

253. In the original work of B\.lckton et al.,44 it
was shown that the frequency of cells carrying asym
metrical aberrations ("unstable" ClI cells) showed an
approximately exponential decline with increasing time
after exposure, whereas the frequency of cells with
symmetrical changes ("stable" CR cells) stayed roughly
constant with time (paragraph 243). Cytological evi
dence indicated that many of these aberrant cellr, with
asymmetrical changes were in their first post-irradia
tion mitosis when sampled so that these data offered
a means of determining the average in 'vivo life span
of the dormant non-dividing leucocytes (small lympho
cytes). Further studies by Buckton et al.33 • 295 and by
Norman et. al.290• 421 have extended and refined the
analysis and led to the conclusion that the mean life
span of this cell lies somewhere between 500 and 1,500
days in accordance with the tritium-labelled thymidine
data on these cells obtained by Little et al.193
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25·'" Goh:l83 has suggested that not all the aberra
tions observed in peripheral blood leucocytes many
years after exposure are aberrations induced at the
time of irradiation. The evidence in support of this
suggestion is meagre and is open to an alternative
interpretation. It is known, however/mu that chromatid
type aberrations can be induced in human fibroblasts
by exposure to extracts of allogenic lymphocytes, and
Goh presents evidence297 for a small, but significant,
effect of irradiated human plasma in inducing aberra
tions in peripheral blood leucocytes, an observation
supported by the independent work of Hollowell and
Littlefield.~Il:l In Goh's experiments, the cultures were
incubated for seventy-two hours and, from the figures
in the published account, it is evident that most of the
aberrations observed were chromatid-type changes with
some "derived" (paragraph 74) chromosome-type frag
ments; no chromosome-type dicentrics or rings were
noted. Hollowell and Littlefield21ls used plasma from
patient. given doses up to 4,500 rads from 2 MeV
x rays and observed chromatid-type and chromosome
type changes in blood cells from normal individuals
cultured in the presence of such plasma. Five di
centrics and rings were observed in 476 cells, but
these aberrations were probably of the "derived" type.
Unpublished works of other observers~09-301have shown
either no discernible effect or a small increase in
chromatid aberration yields in first divisions of cultured
cells exposed to irradiated plasma.

255. It is of interest to note here reports30~. 803
indicating that the long persistence of chromosomally
damaged lymphocytes so clearly demonstrated in man
and Rhesus monkey may not occur in certain other
mammals. Studies on PHA~stimulated blood celts
from monkey, rat, guinea pig and pig have shown
that unstable chromosome aberrations are not observed
for more than a few hours after irradiation except in
the monkey where CII cells were observed for as long
as the animals were observed (seven months). This
rapid loss of CII cells in these animals is of particular
interest, since, at least in the rat, in vivo studies with
tritium-labelled thymidine304. 805 have clearly demon
strated the presence of long-lived lymphocytes in unir
radiated animals.

256. From the point of view of biological dosimetry,
there is normally little interest in samples of blood
cells taken from irradiated individuals many years
after radiation exposure. However, follow-up studies
will, of course, be of importance in connexion with
the possible somatic risks that may be associated with
the presence of aberrations. Chromosome studies on
bone-marrow cells in particular will be of paramount
importance with regard to leukremia risks. In the
rase of the peripheral blood leucocyte (small lympho
cyte) , the composition of this cell population in peri
pheral blood (as well as in extravascular areas) will
change with time simply because of the role played
by this cel.! in immunological response.a06 The work
of Nowe1l218• 302 suggests that the aberration yields
observed in leucocytes many weeks, months or years
after exposure will be dependent upon the number and
type of antigenic stimuli received by the individual
between the time of exposure and the time of sampling.

257. Although these small lymphocytes are involved
in immune responses, they are, nevertheless, normally
non-dividing so that, in man, there should be no prefer
ential loss of cells carrying chromosome damage in
samples taken many hours, days or possibly weeks
after exposure, provided the cells are not involved in
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an immune response. Support for this concept has come
from the 'in 'llitro studies of Scott ct al.lHll and of
Kozlov:lOi who have compared aberration yields in
peripheral blood leucoc)'tes placed in a culturc medium
containing PHA immediately after irradiation with
cells held for twenty-foul' hoUl's post-irradiation 01' less
in a culturc medium devoid of PHi\. In both these
studies, using fast neutron,s2":! (paragraphs 1?6-177)
and cobalt-60 gamma l"Uys"IOi the general find111g was
that an increas'ed time betwecn irradiation and mitotic
stimulation had little or no influence on the aberration
yield.

258. There is little information, however, on the
variation in life span of the small lymphoc)'te and
on the multiplicity of populations present throughout
the body. Nevertheless, on the basis of information
available, it would seem that, within any particular
defined subpopulation. the aberration. yield should re
main constant until that population becomes involved
in an immunological response. The difficulty is, of
COUl'se. that of defining a subpopulation or compart
ment in a mixed population of morphologically iden
tical but functionally diverse cells which migrate
throughout the body.

259. In terms of biological dosimetry, the location,
distribution and population density of lymphoc)'tes
throughout the body is a problem of no importance if
an individual receives a uniform whole-body e.xposure
to a radiation of high penetrating power. This problem
could, however, be of great importance in the case of
an individual receiving partial-body exposUl'e or when
the exposure is to radiation of low penetrating power
or of mixed quality. The problem may be minimized if
a sufficient cell mixing within the population occurs be
tween the time of irradiation and sampling.

260. \i\Then blood is sampled immediatel:>' after an
acute exposure to radiation, then leucocytes that were
in the peripheral blood vessels at the time of exposure
will presumably be the only population that is sampled.
However, if sampling is delayed for a sufficient but
unknown time, then leucocytes that were in various
lymphopoietic centres at the time of irradiation may
have been mobilized into the blood stream. The data
obtained in the extracorporeal studies22i, 243, 244 sug
gest that this time interval is not greater than eight
hours and may, in fact, be of the order of a few minutes
(paragraphs 199-204). At later sampling times,
some of the leucocytes observed in peripheral blood
will not have been directly exposed to radiation but
will have been derived from irradiated stem cells.

261. To date, there is not a great deal of informa
tion on the change in aberration yield in blood samples
obtained at frequent intervals throughout the first two
or three days followi!1g exposure. In the data of
Bender and GOOCh131 (' l)tained from three men receiving
up to 47 rads of mixed gamma and neutron radiations
in a criticality accident, there appeared to be a little
difference in aberration yield in samples taken four
hours, two weeks and four weeks after exposure.

262, In some more recent work of Buckton et al.16

which involved the partial-body exposure of ankylosing
spondylitis patients to various doses of x rays, it was
observed that higher aberration yields were obtained
from blood samples taken twenty-four hours after ex
posure than from samples obtait!ed imm.ediately after
exposure (table Ill). More detaIled.studIes were then
carried out by these authors on patIents who had re
ceived a partial-body exposure of 300 roentgens. Sam-
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pIes were taken from these patients at zero, three,
six, twelve, twenty-four and forty-eight hours aiter ex
posure. The aberration yield increased with sampling
time up to twenty-four hours and then declined at forty
eight hours. At zero hours and forty-eight hours, the
frequency of "unstable" cells was approximately one
half the nmximmn yield that was observed in the
twenty-four-hour samples. There was no significant
difference between yields observed in the six-, twelve
and twenty-four-hour samples.

263. The ver~' limited data on whole-body ex
posure in the criticality accidents, often involving un
even exposure, are insufficient to make any pronounce
ments on change in aberration yield in the first few
hours following exposure. \i\That few data exist do not
contradict the expectation of no change in yield with
time of sampling with this kind of exposure. However,
the recent whole-body x-ray studies2i1 support the
observations made in the earlier partial-body x-ray
work (paragraph 212 and table V). In the partial-body
and in the extracorporeal blood exposures, there is
clear evidence that the aberration yield changes with
time even in the first twenty-four hours following ex
posure. There is but little information on the amount
and rate of change and no information on whether these
parameters are influenced by dose level, site of ex
posure, age and health of the exposed individual.

D. CONCLUSIONS

264. It is evident from the studies carried out on
patients receiving low doses from diagnostic x rays
and on individuals receiving chronic low doses as a
consequence of their occupation that doses of the order
of a few rads from x or gamma rays result in a sig
nificant increase in the yield of aberrations in blood
leucocyte cells. This increase is particularly impressive
when dicentric and ring aberrations, that are extremely
rare occurrences in the blood cells of unexposed indi
viduals, are considered. Thus, in terms of its possible
Use in biological dosimetry, it is clear that this par
ticular system is a very sensitive one.

265. A knowledge of the form of the relationship
between aberration yield and radiation dose is essential
in any attempt to extrapolate from one to the other.
Until very recently, the in vitro data that were ava!l
able seemed rather disappointing, since considerable
differences were evident when data obtained in different
laboratories were compared, Nevertheless, within any
one laboratory, when the same techniques were em
ployed, the results were consistent and highly repeat
able (paragraphs 178-179). The more recently avail
able data on the response to radiations of differing
quality reveal a high degree of consistency between
laboratories when similar conditions of irradiation and
of duration of culture are used.

266. The main factors contributing to differences
in results between laboratories are (a) the use of dif··
ferent culture times; (b) the irradiation of whole blood
prior to culture as opposed to the irradiation of blood
in culture; and (c) the use of different qualities of
radiation. It is evident that the aberration yields ob
tained in cultures maintained from forty-eight to fifty
four hours are generally higher than in cells irradiated
and cultured under the same conditions but sampled at
seventy-two hours. Higher aberration yields are also
reported, particularly at dose levels below approxi
mately 150 rads of x or gamma rays, if blood cells
are irradiated after culturing rather than as whole
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blood prior to culture. As a consequence of this, the
dose exponcnts from experiments with irradiated cuI"
tures are somewhat lower than from experiments using'
cells irmdiated prior to culture. The reason for these
differcnces is not clcar, and further work is certainly
necessary in this area. Large differences in response
are observcd between radiations of differing quality, and
the RBE for 2 1IeV x m)'s as compared with 250
kVp x rays is 0.8.

267. Studies on the yields of dicentric aberrations in
whole blood irradiated'with 2 :MeV x ra;rs, cobalt-60
gamma rays or 150 to 300 kVp x rays, and cultured
from forty-eight to fifty-four hours, show that the dose
exponent, n, in the cquation y = kDl\, is 1.9 to 2, 1.7
to 1.8 and 1.5 to 1.6. respectivcly. For blood cells ir
radiated in culture with 180 to 250 kVp x rays and
cobalt-60 gamma rays, the dose exponents are reduced
to around 1.2 to 1.3. These data indicate that exchange
aberrations induced -ill 'l.'ifro by 2 MeV x rays are pre
dominantly a consequence of the effects of two separate
tracks 'Vith cOlwentional x rays (150-300 kVp) , how
ever, up to dose levels yielding less than two dicentrics
per cell, a considerable proportion of the exchange aber
rations is the consequence of single track events. Stu
dies with 2 to 5 MeV DD neutrons and 0.7 1IeV
(mean energy) fission neutrons indicate that with these
radiations there is a linear relationship between dose
and aberration yield over a wide range of doses. In the
case of 14.1 MeV neutrons, the relations11ip is not
linear, the dose exponent lying between 1.2 and 1.4.
Further information on the effects of fast neutrons,
particularly in relation to the influence of irradiation
and culture conditions and technique, is required.

268. In the ·in 'vivo studies on the relationship be
tween aberration yield and dose, much of the data
have been obtained from individuals exposed to partial
body doses. Here, numerous complications arise, and
most of the data indicate that the aberration yield
changes with time within the first day or so after ex
posure. These changes reflect alterations in the number,
distribution and mobility of the different leucocytes
within and between the exposed and unexposed regions
of the body at the time of exposure and the degree of
mixing that occurs between the time of irradiation and
the time of sampling from peripheral blood. It is clearly
difficult to derive a measure of absorbed dose under
these circumstances.

269. In view of the complications referred to above,
there can, of course, be no simple standard dose
response relation for aberration yield in cases of partial
body irradiation. In those cases where defined areas
of the body have been exposed to radiation for therapy
purposes and blood samples taken at short defined inter
vals after exposure, an increase in aberration yield
with increasing skin dose has been noted. In these
cases, the relation between the yield of dicentric and
ring aberrations and "skin dose" may be almost linear
(y = kD1.2) or approximately follow a dose-squared
(y = kD2) relationship.

270. In the whole-body studies in which patients
received from 17 to SO rads from 2 MeV x rays, the
yield of dicentric and ring aberrations increased ap
proximately linearly with dose in blood samples taken
immediately after exposure (y = kDl.13) but increased
approximately in proport.ion to the square of the dose
in samples taken twenty-tour hours later (y = kD1.88).
This increased dose exponent in the later i:amples was
a consequence of significant increases in the yields ob
tained in two of the patients given a dose of SO rads.
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271. A number of laboratories are now studying
aberration yields in patients exposed to uniform whole
hody irradiation so that more data on the relationship
between aberration yield and radiation dose and
quality should become availablc in the near future.

272. In the criticality accidents in which individuals
were non-uniformly exposed to mixed gamma-neutron
radiation (paragraph 225), the data are naturally cHf
ficult to evaluate because of the complications of dose
distribution, radiation composition and RBE. However,
in the individual that received a physically estimated
dose of 47 rads (47 per cent of which was estimated
to be due to gamma rays) the yield of dicentrics and
rings was 0.033 per cell in cells sampled between four
hours and four weeks after exposure and cultured for
seventy-two hours. This yield is somewhat lower than
that (0.056 dicentrics and rings per cell) observed fol"
lowing forty-eight-hour cultures of blood from indi
viduals exposed to whole-body irradiation of 2 MeV
x rays with a dose of SO rads (paragraphs 210-213,
and table V.)

273. The limited data on whole-body exposure in
dicate that the aberration yield could serve a useful
purpose in dosimetry in such cases, but more informa
tion is certainly required. In this respect, we have
pointed out that results from samples taken shortly
after (within the first few hours or days) uniform
whole-body irradiation may not be influenced by the
distribution, etc. of the leucocytes at the time of irradia
tion or sampling. On the other hand, in the case of
follow-up studies or where the first samples are taken
many weeks or months after an original exposure, the
aberrations will be studied in a selected population of
long-lived cells. The primary aberration yields in sur
viving long-lived damaged cells will, however, be a
reflection of the dose received in the original exposure
(see the Hiroshima data referred to in paragraphs
240-246), and it may still be possible to make esti
mates of absorbed dose from such cells. However, much
more work in this area is necessary, and a great deal
more information is required on the rate of decline
in aberration frequency with time and possibly, under
various conditions, in the months or years following
exposure.

v. Possible hiologicalsignificance of the
aberrations

A. INTRODUCTION

274. The possible biological significance of chromo
some aberrations, particularly with reference to their
presence in germ cells, has been the subject of con
tinued review by the Committee.2•3 There are no direct
data on the genetic consequences of radiation-induced
chromosome aberrations in the germ cells of man,
although information on the genetic consequences of
radiation-induced chromosome anon ,'Iies in laboratory
mammals and on constitutional chromosome anomalies
in man is availabk. Most of this information was
reviewed in detail in the 1966 report3 so that only a
very brief consideration of the little new material will
be attempted here.

275. The significance of chromosome aberrations in
somatic cells has been the subject of much speculation.
The idea that aberrations might be causal factors in
certain somatic disease states in man has been con
sidered since the early suggestion by Boveri308 that
"lbnormalities of chromosome constitution might be
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significant causal factors in neoplasia. The fact that
neoplasms can be induced by tdtra-violet, ionizing radia
tions and chemical carcinogens, that these agents induce
chromosome aberrations and that such aberrations are
to be observed in many tumours has naturally provided
a good deal of incentive to examine the possible rela
tionships involved. This has been further stimulated by
the more recent studies on virus-induced neoplasia in
mammals and on virus-induced chromosome aberra
tions and also by the discovery of a specific chromo
some change in bone-marrow cells of humans suffering
from a particular form of leukrel11ia.

276. This section will, therefore, examine the muta
tional importance of chromosome aberrations in relation
to metaholic effects, cell killing, life-shortening, neo
plasia and immunological deficiency, effects which have
all been suggested to be a consequence, at least in
part, of gp.netic imbalance.

B. ABERRATIONS IN GERM CELLS

277. The varieties and incidence of constitutional
aneuploidy in man were considered in detail in the
1966 report:! of the Committee, and there is only little
new information of relevance to be considered here.
In that report, reference was made to two well char
acterized syndromes causally related to a loss of auto
somal chromosome material, the "cri du chat" syndrome
(a deficiency in the short arm of chromosome 5) 309
and a congenital anomaly resulting from a deficiency of
the long arm of chromosome 18 (18q _) .310. 311
Another deletion syndrome, first reported by Lejeune
et al. in 1964,312 was shown to be associated with a
deletion of chromosome 21 (giving a partial mono
somy) , the syndrome showing many signs that appeared
to be the reverse of those characteristic of Down's
syndrome. Since that time, a number of cases of a
syndrome313 have been reported in which the affected
individuals are completely monosomic for a group G
chromosome1'i6-178 (generally considered to be chromo
some 21). Further evidence is, therefore, accumulating
that indicates that certain deficiencies in certain chromo
somes and even the loss of a group G chromosome (pre
sumably chromosome 21) may not be incompatible
with life, although all appear to be associated with
gross physical and mental abnormality.

278. Consideration was also given in the 1966 report3
to the incidence of chromosome anomalies in spon
taneous abortion and still-born, and reference
was specifically made to the work of Carr.314, 315 In this
work, it had been shown that the incidence of 45X
zygotes in man occurs at a frequency of about 8.3 per
1,000 conceptions; the majority of such XO concep
tions abort,316 one estimate indicating that only one
in forty reach full tenn.317 In the mouse, XO indivi
duals are viable fertile females, and the average
incidence of this condition in the mouse is around seven
per 1,000 births318, 319 (annex C, table VI, of the 1966
report3). The probable incidence of the XO condition at
the time of conception in man and mouse may, there
fore, be very similar, and it is of interest to note that,
in the mouse, depending on the stage of development
of the germ cells at the time of irradiation, it has now
been shown that the incidence of XO offspring may be
increased up to three or four times following an expo
sure of 100 roentgens of x rays.318, 321

279. In the last three years, considerable interest
has been aroused in individuals having an XYY chro-
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mosome constitution, since they have been reported
to occur with relatively high frequency in patients with
((dangerous, violent and criminal propensitiesU in state
hospitals322 and in prison populations.323.324 Jacobs
et a/.322 reported that 3 per cent of 314 patients in a
state hospital in Scotland for the mentally sub-normal
had an XYY chromosome constitution and that the
mean height of such 1?atients was significantly in excess
of the mean height of men in the hospital with an XY
chromosome constitutio·l. It had previously been re
ported321i that Xyy indiv~duals were fertile.

280. The possible significance of an extra Y chromo
some with regard to criminal behaviour has not yet
been clarified, as a number of conflicting reports320. S2i
have appeared since the original suggestion of this
association.s22 Good estimates of the incidence of XYY
males in "normal" populations are only just becoming
available. It is reported328 that only one XYY male
was discovered in a survey of over 2,000 Edinburgh
males examined prior to the state hospital and prison
surveys. Recent studies in Canada329 indicate a fre
quency of XYY males among new-born of two in
1,000, and a frequency between one and two in 1,000
in the general population is suggested by a survey
carried out in France.33o

281. Five sexually abnormal patients have been re
ported331.334 to contain chromosome complements with
an apparent dicentric Y chromosome, and it has been
suggestecFl35 that some isochromosomes for the long
arm of the X chromosome are dicentrics. These are
referred to here simply to point out that, in those rare
instances when the two centromeres of a dicentric
chromosome are very clearly juxtaposed, the dicentric
may behave in a manner functionally similar to a
normal monocentric chromosome at anaphase of mitosis
and, hence, be transmitted to all the descendant cells.

282. It was concluded in the 1966 reportS that
chromosome anomalies are to be observed in the somatic
cells of about ten per 1,000 live new-born infants and
that half of these abnormalities are accounted for by
translocations. This estimate of five individuals with
translocation per 1,000 live new-born is certainly a
minimum estimate, and better estimates will not be
available until considerably more work on meiotic cells
is carried out. For this reason, it is relevant to con
sider here some new data331 obtained from a highly
selected population comprising fifty males attending
a subfertility clinic.

283. These individuals were selected on the basis of
being chromatin-negative and having a sperm count
of less than 20 106 per millilitre; a proportion were
azoospermic. The observation of interest here is that
four of the men were found to be translocation hetero
zygotes on the basis of meiotic studies, but in only two
of these men could the translocations be discerned at
mitosis in somatic cells. This result serves to under
line the inefficiency of translocation detection in somatic
cells (see paragraph 38 where it is concluded that only
approximately 20 per cent of the radiation-induced
translocations can be detected in somatic cells) and
points to a very high incidence of translocation hete
rozygosity in subfertile men. This observation is in
itself significant, since it is usually assumed that the
semi-sterility that is to be found in insects or laboratory
mammals that are translocation heterozygotes will be
of little consequence in man because family-size falls
short of the fecundity of the species.
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284. A study has recently been reported sss on the
incidence of constitutional chromosome anomalies in
offspring of mothers exposed to abdominal diagnostic
radiation (estimated maximum gonadal dose up to 7
rad) prior to conception, and the authors interpret
their results as indicating an increased risk in such
offspring. However, in this study, the frequenc)' of
trisomic offspring in matched-control unirradiated
mothers was unexpectedly low, and, moreover, the
incidence of still births in this control group was signi
ficantly higher than in the irradiated group. The Com
mittee is continually reassessing this problem, but
these new data do not alter its opinions stated in the
1962 and 1966 reportsp,3 that is, that exposure to
ionizing radiations might result in an increase in the
prevalence of developmental congenital malformations
but that no quantitative estimates can be made at this
time.

C. ABERRATIONS IN SO~IATIC CELLS

285. There has been much speculation concerning
possible relationships between radiation-induced chro
mosome aberrations in somatic cells and various diseases
in man. To date, however, almost no data have
been obtained which permit precise statements relating
a particular chromosome aberration to a particular lesion
or a given yield of radiation-induced aberrations to a
predictable incidence of a specific disease in man or
other mammals. Nonetheless, the postulated relation
ships between chromosome changes and such disorders
as neoplasia, auto-immune disease, and non-specific
aging are worth reviewing if only to stimulate further
work.

1. So-matic mutation and metabolic effects

286. One general hypothesis has suggested that
radiation-induced chromosome aberrations may be an
important mutational mechanism by which cellular alte
ration or depletion takes place in mammalian organs
with increasing age leading to disease or death, but
few corroborative data are available.33ll, 340 Deleterious
metabolic changes in mammalian parenchymal cells
surviving radiation injury have not been directly related
to induced chromosome changes. Material for such
studies is possibly available in the clones of cells with
chromosome aberrations which repopulate the peripheral
blood and the hrematopoietic tissues of humans and
rodents surviving large doses of radiation.131, 135, 222, 341
344 To date, however, the alterations of specific func
tional capacity of the enzyme activity of these chro
mosomally abnormal cells have not been compared to
those of non-irradiated populations, although super
ficially, at least, these cells appear to be functioning
normally.

287. In human chronic granulocytic leukremia, in
cluding those cases believed to be radiation-induced,
alkaline phosphatase levels are consistently reduced in
leukremic leucocytes which also carry an abnormal
chromosome 21 (the Philadelphia chromosome) .345
Whether this enzymatic deficiency has any deleterious
effect on the cells involved is not known.

288. Only very sketchy data are available on enzyme
changes associated with constitutional chromosome
ab:'lormaIities in man (these conditions were reviewed
by the Committee in its 1966 report).3 Trisomy 21
(Down's syndrome) is associated with increased levels
of a number of leucocyte enzymes346.348 as well as
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with alterations in tryptophane metabolism,349 but
these may reflect a general alteration in control mechan
isms for RNA or protein synthesis rather than involve
ment of specific structural 10ci.3llll Abnormalities in
hremoglobin Ul1d haptoglobin synthesis have been re
ported in (', ''lstitutional anomalies involving group D
chromosomes (chromosomes 13-15), but again it is not
clear whether structural genes or regulatory mechanisms
are involved.mll, M3 In abnormalities of the human X
chromosome, specific metabolic alteration in affected
cells has not been recognized; apparently the abnor
mal X is consistently inactive genetically in such cells.3li4
The metabolic effects of specific chromosome abnor
malities in human cells thus remain almost totally
unknown.

2. Somatic mlttaNon alld cell killing

289. Vlith respect to the relationship between radia
tion-induced chromosome aberrations and cell killing,
more extensive information is available. These data
largely involve reproductive cell death in vitro (for
example, inability to complete mitosis or to proliferate
sufficiently to produce a viable clone) as opposed to
interphase death (for example, death of non-proliferat
ing cells), and this may be of importance in considering
the relevance of such studies to the effects of radiation
in the human body. In general, the x-ray dose-response
curves have been similar for both cell reproductive
survival and production of chromosome abnormalities
in a number of cell systems,14ll, 355 and there is good
evidence that certain types of chromosome aberrations
may result in cell killing (paragraphs 24-50).

290. However, discrepancies have been observed in
some experiments, both in the shape of the curves, with
consequent considerations of recovery and repair me
chanisms, and in the effect of modifying factors. Thus,
in some instances, mechanisms not involving chromo
some aberrations can apparently cause reproductive cell
death following radiation injury.Hll,lll7 Both somatic
mutation and cell killing may underlie various somatic
effects of ionizing radiation in the mammalian organism,
and chromosomal damage may be visible evidence of the
primary site of injury, but any quantitative statements,
based on presently available data, attempting to relate
these phenomena may subsequently prove to be over
simplified.

3. Somatic 11!1ttation and life-shortening

291. There has been considerable speculation about
the role of chromosome aberrations as mediators of the
aging process. The fact that radiation results in life
shortening has long been well documented in experi
mental animals with extensive consideration of a variety
of radiation parameters,356 but whether reduced life
span results simply from radiation-induced increases in
certain specific diseases or from acceleration of some
generalized 'non-specific aging process has been debated.
Where radiation-induced life-shortening is clearly re
lated to increased tumour incidence, the same concepts
of the role of chromosome aberrations would apply,
as will be discussed in the next section. If some non
specific aging phenomenon is to be postulated, the
possible significance of chromosome aberrations depends
on the particular senescence theory being proposed.
If radiation-induced aging of tissues and organs is con
sidered to result from mutational events leading to
death or diminished function of non-replaceable cells
or to reproductive death of cells needed for renewal,
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chromosome aberrations might obviously play a central
role. Similarly) aging attributed to auto"immune mecha
nisms mediated by "forbidden clonesu arising through
somatic mutation (paragraph 317) could also have a
chromosomal basis.ml7•mm On the other hand) theories
of aging hased on extracellular) degenerative changes)
such as increased cross-linkage of collagen)3GO would
seem unrelated to chromosome alterations.

292. Attempts to approach these questions experi
mentally h,tye been relatively few. Curtis) in a series
of studies in mice)340 extending concepts and techniques
of earlier workers)33o. 3Gl. 3G2 has demonstrated a direct
correlation between life-shortening and frequency of
chromosome aberrations in liver cells. This relationship
was observed after various types of radiation exposure
and also in strains of mice differing naturally in life
span. Curtis has cited these data to support the somatic
mutation theory of aging) postulating radiation-induced
life-shortening as the direct result of radiation-induced
chromosome aberrations. This conclusion has been chal
lenged on various grounds, including the lack of corre
lation between liver chromosome change and hepatic
dysfunction and the failure of chemicals which produce
liver chromosome aberrations in mice to induce life
shortening.:103 Kolm:l60 has suggested that the observe.d
aberrations might be the consequence, rather than the
cause, of altered metabolic states or of diseases asso
ciated with life-shortening.

293. Comparable data are not available in man, al
though an increased incidence of aneuploidy with age
has been observed in peripheral blood lymphocyte cul
tures from a large human population (paragraph 78).
The incidence of such alterations is always low, how
ever, and no increase in structural aberrations has been
reported. In the absence of a generally accepted defini
tion of biological aging, the relationship between radia
tion-induced life-shortening in experimental animals
and age-related processes in the human population is
difficult to assess. Even if such a relationship is ac
cepted as valid, additional experimental evidence is re
quired that specifically relates radiation-induced aging
to chromosome aberrations as opposed to other possible
mechanisms.

4. Somatic mutation and neoplasia

294. The most extensive evidence relating radiation
induced chromosome changes in somatic cells to sig
nificant biological effects in man would appear to be
in the area of neoplasia. It has been recognized for
many years that ionizing radiation produces chromo
some aberrations and also tumours in both man and
animals. Since chromosome changes have been
demonstrated in nearly all tumours studied by
modern cytogenetic techniques, older concept.s CO~l

cerning the causal role of chromosome aberratIOns 111

neoplasia:lOS have been re:'i~ed, .and it has been tempt
in<T to speculate that racItatIon-l11duced tumours result
di~eetly from ~'adiation~induced chromoso~l1e aberra
tions. Much eVldence has accumulated whlch at least
indirectly supports this hypothe~is, but, at the same
time it has proved extremely dlfficult to demonstrate
precise quantita.tive relatior~ships, following radiation,
between aberratIOn frequencles and subsequent tumour
incidence. In the following paragraphs, the evidence
relatin<T chromosome aberrations and tumours is briefly
summ:rized, and some limitations of available data and
concepts are indicated.
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295. It is certainly well documented that many
agents and conditions wllich produce chromosome aber
rations also cause tumours. Not only ionizing radiation)
but also ultra-violet light) a number of oncogenic viruses
and several carcinogenic chemicals have been shown
to have this capacity (paragraphs 53 and 56).

296. Both DNA and RNA tumour viruses, inclttd
ing Rous virus, adeno-viruses, SV40 and
polyoma,ll2, llS. 101. 80·! have produced chromatid aberra
tions in human and animal cell cultures (paragraph
56). It is of interest that, while the Schmidt-Ruppin
strain of the Rous virus causes chromatid abnormalities
in human leucocyte cultures and also tumours in ex
perimental animals, the Bryan strain of the Rous virus,
under similar circumstances, produces neither chromo
some changes nor neoplasia.lo:!

297. Benzene, perhaps the best documented leu
k<emogenic chemical in man, also appears capable of
causing chromosome changes in human cells.3Gu. 3G7
Carbon tetrachloride and other hepatic carcinogens
have been shown to produce both tumours and chromo
some aberrations in the rodent liver.8Gs.370 Although a
number of other mutagenic chemicals have recently
been shown to yield chromatid alterations in human
cells (paragraph 53» their carcinogenicity remains to
be demonstrated.

298. It is also now clear that there is an increased
incidence of leuk<emia and lymphoma in several rare
human diseases (Bloom's syndrome, Fanconi's syn
drome, and perhaps ataxia-telangiectasia and xeroderma
pigmentosum) in which there is a constitutional pro
pensity for increased spontaneous chromosome aber
rations observed as chromatid aberrations in leucocyte
cultures.340. 371. 3i2 Such data, involving a variety of
agents and conditions, have suggested that genetic
damage, as indicated by chromosome aberrations,
might be a common mechanism by which most, if not
all, carcinogens act.

299. The frequency of chromosome abnormalities
in tumours has been used to support this argument.
Certainly most neoplasms, radiation-induced or not, do
show chromosome aberrations. Numerous studies in
recent years373. 3Sl have demonstrated that, except for
some human acute leuk<emias and some virus-incluced
rodent leukremias, nearly every mammalian tumour, by
the time it reaches macroscopic size, is characterized by
chromosome changes.

300. Furthermore, the neoplastic cells bearing these
abnormalities frequently appear as stemlines or clones,
particularly in the leuk<emias, but in many solid
tumours as well. The entire neoplasm often consists of
a single clone with all cells showing the same altera
tion in karyotype, or of a small number of clones,
usually with related chromosome changes. This clonal
phenomenon has suggested that a tumour may consist
entirely of the progeny of a single aberrant cell,344.3s2
a cell having a proliferative advantage as a result of its
altered karyotype. Subsequently, additional clones may
appear and even come to predominate as further karyo
typic changes confer additional selective advantages.
Sequential studies in human neoplasms have supported
this concept of the important role which chromosome
alterations play in the progressive development of
tumours.3S2. 386

301. However, it is still debatable whether the
chromosome changes observed in mammalian neoplasms
are primary or secondary phenomena and whether they
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are involved in the initiation of the tumour or only in
its subsequent progression. The alteration observed in
one tumour is usually different from that observed in
the next even when the two neoplasms are clinically
and histologically identica1.3is. SSl In general, each type
of mammalian neoplasm has 'not been characterized by
a specific chromosome abnormality. This, plus the
occurrence of some leukremias and even a few solid
malignancies3is. ::so. SSi without anv demonstrable
chromos.on;e changes, has led many investigators, but
not all,s'3..liO to conclude that the chromosome changes
seen in most tumours are secondary phenomena super
imposed on an already neoplastic process. This con
clusion does not rule out genetic alteration, or altera
tions,3ss as the initiating event in neoplasia; it simply
suggests that it may be submicroscopic.

302. The first example of a neoplasm 'with a specific
chromosome change is human chronic granulocytic
leukremia, where, in 90-95 per cent of the typical cases,
the karyotype is characterized by the same abnormality,
namely, a chromosome 21 lacking approximately half
of its long arm, the so-called Philadelphia chromosome
(Ph1). This is not an inborn change but rather an
acquired abnormality,405 ordinarily limited to the neo
plastic hremopoietic cells (myeloid, magakaryocytic
and erythroid) and not present in lymphocytes or other
tissues of the body.Si-! (In irradiated individuals with
out leukremia. the Ph1 chromosome has occasionallv
been observed in extramedullary tissues (paragraph
309), ~md in two incompletely documented instances it
may have occurred as a familiar abnormality) .380. SOO

303. 'When present in neoplastic cells, the Phila
delphia chromosome is associated with chronic granulo
cytic leukremia, although it has been, on rare occasions,
observed in related myeloproliferative disorders such as
polycythaemia vera.aso It persists throughout the
course of the disease with additional karyotypic changes
frequently superimposed in the late stages. During
remission, when immature myeloid cells disappear from
the peripheral blood, the Ph1 may not be demonstrable
in peripheral leucocyte cultures, but it is still observable
in dividing marrow cells.3n

304. The constancy of the association between the
Philadelphia chromosome and chronic granulocytic
leukremia has suggested that, in this instance, a chro·
mosome change is a primary phenomenon and that the
occurrence of this aberration in a marrow stem cell is
directly involved in the initiation of the neoplasm.

305. A similar suggestion might also be made for
the relatively few other human and animal tumours in
which some of the cases have apparently demonstrated
a characteristic chromosome change.303, 307 These in
clude such neoplasms as vValdenstrom's macroglo
bulinemia, Burkitt lymphoma, multiple myeloma, cer
tain human ovarian and testicular tumours and several
leukremias in rats and mice. In the first three instances,
for example, a number of cases have shown a brge
abnormal "marker" chromosome, similar to a group A
chromosome (chromosome 1-3) in the Burkitt and
Waldenstrom's tumours, and similar to a large D chro
mosome (chromosome 13-15) in multiple myeloma.

306. In none of these various human and animal
tumours, however, has the constancy of the particular
chromosome change noted in each instance approached
that of the Ph1 in chronic granulocytic leukremia. For
most of these tumours, the abnormality characteristic
for the particular neoplasm has been found in less
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than half of the cases examined. In these disorders,
therefore, it is much more difficult to postulate a
primary role for the chromosome alteration observed.

307. In truth, of course, one cannot currently make
an absolute statement about the primary nature of any
chromosome change in any tumour. Only when specific
chromosome changes can be related to specific meta
bolic abnormalities (and we also know what metabolic
changes are critical in the initiation of neoplasia) will
such a statement be made with assurance. In our
present state of knowledge, one may perhaps only
suggest that the changes observed in most neoplasms,
because of their apparent inconstancy from case to
case, seem likely to be evolutionary phenomena im
portant in progression, while the Philadelphia chromo
some, because of its constant and specific association
with chronic granulocytic leukremia, is probably in
volved in the initiation of that disease.

308. Radiation-induced tumours have proved to be
no exception to these general concepts of the signifi
cance of chromosome alterations in neoplastic cells.
Apparently all, or nearly all, radiation-induced tumours
show chromosome changes, but, as with most other
tumours, these vary from case to case.344, 345, 366, 376,
398, S99 In addition, not all cell clones with radiation
induced chromosome aberrations are necessarily neo
plastic. Heavily irradiated humans and animals have
been found to have clones of cells marked by radia
tion-indtlced chromosome aberrations which are appar
ently non-neoplastic and functionally normal and persist
in their hrematopoietic tissues for long periods of time
after recove.ry.131, 135. 222, 341-344 The frequency of such
non-leukremic clones has made it impossible to use cluo
mosome studies to predict which irradiated individuals
will eventually develop leukremia, although in non
irradiated individuals a clone of marrow cells with a
chromosome abnormality appears to be a good indica
tion that a preleukremic disorder is in transition to a
frank leukremia.341

309. The Philadelphia chromosome is present in
those cases of chronic granulocytic leukremia which
appear to he radiation-induced,s45.400-404 as well as in
those with no radiation history. In irradiated indi
viduals 'lvithottt leukremia, the Ph1 chromosome has
been observed (both in single cells and in clones) in
peripheral lymphocytes and in skin cells,135,406 but,
with one possible exception,223 it has not been reported
in the bone marrow. Since only in a marrow stem
cell does the Ph1 appear to have a role in initiating a
malignancy, those individuals in which it is founel in
such a cell will be of particular interest to follow to
determine if leukremia subsequently develops.

310. In addition to these considerations, lack of
quantitative conclusions on the role of chromosome
changes in radiation carcinogenesis has also resulted
from the difficulty of obtaining precise dose-response
curves for either aberrations or tumours, although, in
general, both show an increasing incidence with in
creasing dose. The induction of tumours by ionizing
radiation is a complex problem which was extensively
reviewed by the Committee in its 1964 report. 302 In
addition to the important modifying effects on tumour
incidence of such variables as radiation quality, dose
rate, and non-uniform dose distribution over the body,
one must also consider possible indirect mechanisms
involved in radiation carcinogenesis.40i-410 Activation
of oncogenic virus, depression of the immune response,



-r ~~ter:tion of hormone l.vels and non-specific cell killing
! I and regenerative stimulation may all be radiation-
i 0 induced effects in the body which play an important
: role in carcinogenesis.

311. At the level of the individual cell, one must,
of course consider not only direct genetic damage by
radiation but also the possibility of the cell previously
damaged by radiation being more susceptible to attack
by an oncogenic virus:lOs Such a radiation-damaged
cell may also have a greater propensity for subsequent
"spontaneous" chromosomal rearrangements during
mitosis or other "spontaneous" genetic alterations~so

and may as well be more liable to reproducth'e cell
death:1oo The evidence incriminating viruses in many
radiation-induced tumours has recently become parti
cularly strong,'uo but all of these various factors have
contributed to make it extremely difficult to predict
with confidence the tumour incidence subsequent to a
given radiation exposure.

312. Similarly, radiation quality and dose rate are
important modifying factors, although some ill vivo
data and manv in 'vitro data now make it possible to
relate quantitatively radiation doses to chromosome
aberration yields in human, as well as in animal, cells.
In addition, the quantitative results of in vivo studies
may also be affected by the frequency of cell division in
the irradiated host of the particular cells studied.21s, 302

313. Taking these variables together, it is perhaps
not surprising that no data, either animal or human,
are yet available on which to establish precise quanti
tative relationships involving a given radiation ex
posure. the resultant aberration yield and the number
or kincl of tumours to be subsequently expected. It is
of interest that the RBE for neutrons versus x rays
appears to be comparable for tumours40i and chromosome
aberrations, at least in some circumstances. Also, several
studies have indicated that Thorotrast, through its
primary localization in the reticulo-endothelial system,
produces both leuk<emias and hemangioendotheliomas
as well as demonstrable chromosome alterations in
lymphocytes, whereas radium, localizing in bone, pro
duces osteogenic sarcomas more frequently than leuk<e
mias and yields fewer chromosome changes in lympho
cytes.1i9, 2~4, ~08, 411, 412

314. However, very few experiments have approached
directly the quantitative relationships between chromo
some aberrations and tumour incidence. In one study
that compared the effects of high and low dose radia
tion on the mouse liver,H3 the chromosome aberration
yield was higher, but the subsequent incidence of hepa
tomas lo'wcr, after exposure to a high dose rate than
it was after exposure to a low dose rate. The authors
postulated a cell-killing effect of the high-dose-rate
radiation, associated with visible chromosome aberra
tions, which removed potentially neoplastic cells from
the surviving population.

315. Summar\,. In both man and animals, radiation
induced chromosome aberrations and radiation-induced
neoplasms regularly appear together. The chromosome
changes may repres~nt visible evi~ence of intracellular
alterations involved 111 the neoplastlc process. However,
the mechanism of radiation carcinogenesis is still far
from clear, and the number or type of radiation-induced
chromosome aberrations observed in atl irradiated in
dividual cannot at present be confidently used to predict
the risk of his later developing a neoplasm, except
perhaps in the case of chronic granulocytic leuk<emia.
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S. Somatic lIlutatioll alld illllllullo!ogical deficicllcy

316. Both mutational events and cell depletion have
been cited as possible mechanisms for immunological
disorders and deficiencies, and both could result from
radiation-induced chromosome aberrations.

317. Although radiation can produce acute immuno
logical deficiency through its cell-killing effects on the
lymphoid system,4H how much of this effect is medi
ated through chromosome aberrations is not known.
Nor is it known if the tendency towards increasing
immunological deficiency with advancing age is due to
either cell depletion or genetic alterations in the
immune system. In a system, however, in which cell
division is apparently required for the initiation of its
specific functions, deleterious effects of chromosome
aberrations can be readily visualized.

318. It has been postulated that human auto-immune
disorders might stem from somatic mutations in the
lymphoid system. For instance, statistical study of the
age and sex distribution of rheumatoid arthritis, lupus
erythematosus, multiple sclerosis and other possible
auto-immune diseases has led Burch,35i extending the
concepts of Burnet415 and others, to suggest somatic
mutation as a source of "forbidden clones" of lymphoid
cells capable of reacting against "self" and producing
clinical disease. Although such theories do not neces
sarily require either radiation as the mutagen or visible
chromosome aberration as the form of genetic change,
such possibilities obviously exist.

319. Among the group of rare human diseases which
have recently been shown to be characterized by in
creased chromosome fragility,360.3il it is of interest
that at least one of them, ataxia-telangiectasia, is also
associated with immunological deficiency.416 Immune
defects have not been prominent in either Fanconi's
an<emia or Bloom's syndrome, the other two disorders
showing excessive spontaneous chromosome breakage
in lymphocyte cultures, but neither disease has been
extensively studied from this standpoint.41i

320. It must be stated, in summary, that at present
there is neither epidemiological 110r experimental evi
dence directly relating immunological disorders or de
ficiencies in man or animals to chromosome aberra
tions known to be induced by radiation.

D. CONCLUSIONS

321. In relation to aberrations in germs cells, there
is little to add to the conclusions arrived at by the
Committee in its 1966 report.s The only point worthy
of extra emphasis here is the need for more infor
mation on human meiotic cells so that better estimates
of the spontaneous level of translocations in man and
a better understanding of their genetic consequences
can be obtained.

322. At the somatic cell level, although attempts at
relating certain constitutional chromosome abnormal
ities in man with specific metabolic deviations from
the normal are continually being made, as yet there
is little direct information relating alteration or loss
of gene function with alteration or loss of a particular
chromosome or chromosome segment. The demonstra
tions of the existence of clones of cells containing
abnormal karyotypes in the peripheral blood leuco
cytes of individuals previously exposed to radiation
now offer an opportunity for detailed metabolic studies
on a wide variety of chromosomally aberrant cells. No
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VI. Conclusions

A. ApPLICATION OF ABERRATION YIELDS FOR
BIOLOGICAL DOSIMETRY

326. The possibilities of estimating the absorbed
dose received by individuals through biological rather
than (or where possible, in addition to) physical
methods have an obvious interest, particularly in those
cases where accidental exposure has occurred. At
tempts to make rapid estimates of dose based on film
badges worn by radiation workers are liable to error,
especially if assumptions have to be made regarding
shielding by objects intervening between the exposed
individual and the radiation source. Moreover, the
degree of radiation exposure is frequently not uniform
over the whole body, and this leads to complications
if the closimetric device is in essence a point receiver.

327. In cases of criticality accidents, physical mea
surements made at a later time usually involve an ex
perimentally contrived incident in an attempt to obtain
a reasonable approximation of the dose received during
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such studies have yet been reported, but work in this the accident. Alternative biological techniques that have I
area will not only clarify the variety of detrimental been studied from the point of view of their use as i
effects that are to be expected to result from the dosimeters have so far proved disappointing. A num- i
presence of aberrations in somatic cells but will also ber of possibilities have been investigated,27G, 418 includ-
provide information for the genetic mapping of the ing studies of metabolic products excreted in the urine.
human chromosome complement. and of the frequency of lymphocytes with bilobed or

323. It is to be expected on a priori grounds that double nuclei or of neutrophils carrying particles with
certain kinds of chromosome aberrations will be cell- specific staining properties. However, none of these
lethal and so will contribute to cell depletion. However, biological parameters has been shown to vary con-
it is not possible to state in quantitative terms the rela- sistently with radiation dose.
tive importance of the variety of chromosome aberra- 328. Considered in qualitative terms, there is no
tions in contributing to cell killing in human somatic doubt that the presence of a significant number of
cells. chromosome aberrations, more particularly of the dicen-

324. If one attempts to relate specific somatic ef- tric- and ring-type, may be indicative of a previous
fects, such as immunological deficiency or life-short- radiation exposure. This follows, since it has been
ening, to chromosome changes, the problem becomes shown that the spontaneous in vivo occurrence of a
even more comple..'\:. Hypotheses have been advanced dicentric or ring aberration is an extremely rare event
relating these disorders to radiation-induced somatic in the blood cells of the many hundreds of individuals
mutations, but strong, supportive, experimental evidence that have been examined from this aspect. Such aberra-
is lacking, and non-mutational mechanisms have also tions occur, at most, once in every 2,000 cells taken
been advocated. from unirradiated subjects, whereas 20 -+ 5 such aber

rations would be expected in 2,000 cells from an indivi-
325. The significance of the role played by chr01110- dual, or individuals, that had received a whole-body

some aberrations in the aetiology of neoplastic disease x-ray dose of 10 rads or its equivalent. The frequency
is also far from clear. In the case of chronic myeloid of these aberrations would appear to be uninfluenced
leukremia, the evidence strongly implicates a specific by previous e..'\:posure to infectious agents or (except
chromosome aberration (the PhI chromosome) as play- in certain specific cases) to chemical agents. The fre-
ing a significant role in the initiation of this disease. queney of dicentric and ring aberrations in a population
Although the possibility remains open that other speci- or in an individual is, therefore, a good qualitative
fic chromosome abnormalities may be involved with screening test for a previous radiation history. More-
other types of neoplastic change, the presence of a over, because of the long life span of at least a propor-
wide variety of chromosome aberrations in most tu- tion of the lymphocyte population, aberrations can be
mours, and their complete absence in a few, militates observed in these cells many years after the original
against the notion of a simple causal relationship. The radiation exposure.
inconsistencies that have been observed may well be
a consequence of there being many different pathways 329. A good example of the use of chromosome-
that lead to a common biological end-point. If neo- aberration yield in this qualitative context is afforded
plasia is a multi-step process, the possibility exists that by a recent report1G of an examination of an individual
a radiation-induced alteration of the genome may pro- who, on the basis of film badge measurements, was
vide a more favourable environment for the develop- assumed to have received a dose of 300 rads. It was
ment of additional essential alterations, through in- possible to state after chromosome analysis that a signi-
creased susceptibility to an oncogenic virus, or greater ficant dose of radiation had not, in fact, been received
liability to "spontaneous" mitotic errors, or through by this individual, since no chromosome abnormalities
some other mechanism. Until the basic mechanisms were seen in cultured blood or even in direct prepara-
of radiation carcinogenesis are better understood, it tions of bone-marrow cells. The badge was, therefore,
will be difficult to define more clearly the role of assumed to be faulty or to have been exposed inde-
chromosome aberrations in this process. pendently of the individual. In circumstances such as

this, where there is no way of reconstructing the con
ditions under which the exposure occurred and thereby
of checking the validity of the film badge information,
information from chromosome analysis can be of great
value.

330. The main advantages of a biological method as
opposed to physical methods of measuring absorbed
dose in man would follow from the directness and
permanent availability of the biological method, from
the fact that information on and extrapolation from the
relative biological efficiencies of a spectrum of radia
tions received in a mixed exposure is not required and
because a biological dosimeter is in itseif one step
nearer to the problem of assessing immediate damage
and future risk. In the particular case of a chromo
some-aberration dosimeter, it may be added that chromo
some aberrations are believed to be responsible for a
certain proportion of the cell killing following radia
tion exposure; they are mutational events and they are
generally believed to play some part at least in the
development of late somatic effects. However, it should
be emphasized here that, in the current state of our
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knowledge, aberration yields cannot be related to a
biological effect and that the presence of a low fre
quency of aberrations in the peripheral blood cells of
an individual can, therefore, in no way be regarded as
constituting a medical risk.

331. The starting points for considering the possible
use of chromosome aberrations as opposed to other
possible biological systems as indicators of dose are
(a.) the high sensitivity of the human chromosome com
plement and the high resolution of the method, since
the effects of doses of around 5 rads or less can be
detected, and (b) the fact that the yield of chromo
some aberrations induced is closely correlated in a
specific manner with the dose of radiation received.

332. It was concluded (paragraphs 138-144) that,
from the cytological viewpoint, by far the best system
for use in chromosome-aberration dosimetry was the
peripheral blood leucocyte system, provided chromo
some-type aberrations were scored, preferably at the
first mitosis following radiation exposure. Moreover,
there is little doubt that a measure of the radiation
damage incurred by leucocytes (more particularly the
smalllymphocytes) that are widely distributed through
out most tissues and areas of the body should be a good
indicator of the effect of radiation on the individual as
a whole. There are, however, a number of disadvan
tages to the system, although it should be noted that
many of these disadvantages also apply to physical
dosimetric systems.

333. Dosimeters require calibration, and the calibra
tion with the peripheral blood leucocyte system will
almost certainly require an accurate correlation between
the response of these cells in vitro and their response
when exposed in vivo. This cross reference to the
·in vitro system seems necessary, since opportunities for
analysing cells from individuals exposed to various
levels of whole-body radiation are fortunately rare.
Thus, good in vivo dose-response curves, particularly
from healthy individuals accidentally exposed to radia
tion, will be difficult to obtain. However, recent studies
(paragraphs 199-205), including the use of the tech
nique of extracorporeal irradiation, indicate that the
response £n vitro is equivalent to that obtained in vivo,
although further work here is clearly necessary.

334. In the £n vitro work, despite the fact that accu
rate physical estimates of dose are available and that,
within most laboratories, a repeatable quantitative rela
tionship between aberration yield and dose is always
found, differences in results are, nevertheless, to be
found between laboratories in both the absolute aberra
tion yields at given dose levels and in the shape of the
dose-response curves. Some of the explanations for
these differences have now become clear. \iVhen factors
such as radiation quality, methods of irradiation and
duration of culture are taken into account, good inter
laboratory agreement is obtained. Further studies on
these factors are, however, necessary before the pros
pect of obtaining standard sets of coefficients relating
aberration yield to radiation dose can be realized.

335. In vitro studies on the influence of dose rate
on aberration yields induced by x rays 11ave been
carried out by a number of laboratories, and it can be
concluded from the results obtained that there is little
dependence of aberration yield on exposure time over
times ranging from one to thirty minutes. This is, of
course, a feature of some importance in attempting to
relate aberration yields with dose. Similar studies with
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fission neutrons show that the yield of aberrations
induced by these particles is, as expected, independent
of dose rate and exposure time, and that fission neu
trons (mean energy 0.7 IVleV) and fast neutrons (2.2
MeV and 14 MeV) are two to five times as effective
per rad as 250 kV x rays in inducing aberrations.

336. In the in vivo work, in only one study have
individuals been exposed to accurately measured uni
form whole-body radiation (2 MeV x rays). In this
study, the yield of dicentric and ring aberrations in
peripheral blood cells was shown to increase approxi
mately linearly with exposure over the dose range
studied (0-50 rad) if samples were taken immediately
after radiation exposure, the coefficient of yield for
these aberrations being 0.001 per cell-rad. Uniform
whole-body exposure to a penetrating radiation, so that
all cells receive a similar dose, is the ideal state for the
purpose of biological dosimetry. Such a state is, of
course, rarely encountered, and most of the i1t vivo
work that has been done relates to partial-body or non
uniform exposures, and it is here that the greatest dosi
metric problems arise.

337. In the case of acute partial-body exposure, the
aberration yield in peripheral blood leucocytes will
depend upon a variety of factors. These include (a) the
amount of radiation energy deposited in that area of the
body that is exposed and the duration of the exposure;
(b) the area and volume of the body that is irradiated;
(c) the proportion of peripheral blood leucocytes that
are exposed to radiation and the time that they spend
in the irradiated area during exposure; (d) the propor
tion of leucocytes (lymphocytes) in extravascular areas
within the exposed region; (e) the amount of exchange
of lymphocytes between peripheral blood and the extra
vascular pools; and (f) the time at which blood is
sampled after the radiation exposure. Since there is
evidence indicating that there is an appreciable exchange
of lymphocytes between the blood vessels and extra
vascular sites in the first few hours following irradia
tion (paragraph 204), it is not yet possible to make
any reasonable estimates of physical dose from an
analysis of chromosome-aberration yields in partial
body exposures.

338. The question of what is meant by dose, in
terms of biological effect or biological consequence, is
itself not very meaningful in the case of partial-body
irradiation. This follows, not only because aberration
yields may be very much dependent upon the regions
of the body that are exposed, but also because aberra
tion frequency cannot be related to any given somatic
effect. It should be noted, however, that the difficulties
encountered with the type of biological dosimeter under
discussion may be far less than the difficulties encoun
tered with a point receiver measuring physical dose.
Studies on individuals who received partial~body expo
sures at varying dose levels over similar regions (and
areas) of the body have, in all cases, revealed a strict
proportionality between physically measured skin dose
and aberration yield. However, it is not possible simply
to relate the aberration yield to skin dose and area or
region exposed, since, because of cell mixing, the
measured aberration yield varies with the time at which
blood is sampled in the first twenty-four hours after
radiation exposure.

339. It can only be concluded from this discussion
that, in the case of partial-body exposure, a great deal
more knowledge is required about the structure of the
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populations (and subpopulations) of small lymphocytes
and about the distribution, mobility and longevity of
the cells before it is possible to equate an aberration
yield observed at any given time to the dose absorbed
in the lymphocytes. It should be noted that, in any
case, within the limitations of existing knowledge, any
given aberration yield in these cells can only be related
in physical terms to an "equivalent whole-body dose".

340. It should be re-emphasized here that the diffi
culties that confront us in the case of partial-body
exposure do not exist in the case of uniform whole
,body exposure. vVith uniform whole-body exposure,
there is no doubt that the yield of chromosome-type
aberrations in peripheral blood leucocytes can be used
as an accurate measure of dose received. In the case
of accidental, non-uniform, whole-body exposure, the
aberration frequency in peripheral blood cells can yield
but little information on the degree of non-uniformity
of the exposure but may more readily provide an
estimate of an "equivalent whole-body dose" .423 Care
should be taken to note, however, that dose estimates
require the use of dose-yield kinetics obtained in
1:/1. vit1'O studies and possibly also information on the
form of the distribution of aberrations between cells.

B. ASSESSMENT OF RISKS

341. There is no new information about the estimated
frequency of aberrations induced in germ cells by
radiations and the consequent risk to individuals and
to offspring. These risks have been fully discussed
in the 1966 report,S and the only new point to add is
the preliminary observation of a possible association
between translocation and subfertility in the human
male. In this connexion, however, further data are
required before any n i assessment can be made.

342. In somatic cells, information on the yields and
types of chromosome aberration does not as yet pro
vide either a new approach to or a better estimate of
risk, except in one specific case. With existing infor
mation, knowledge of chromosome-aberration yield in
peripheral blood leucocytes does not enable us to make
any quantitative statement regarding the risk of devel
oping neoplastic disease, immunological defects and
shortening of life span, etc. As a consequence, no infor
mation of clinical significance can be obtained from the
presence of aberrations. Little can, therefore, be added
to the statements on assessments of risk of somatic
disease that have already been made by the Committee
in its earlier reports. From the point of view of assess
ing risks, the only direct use of the aberration yield
is when this is the only parameter from which a
"physical" estimate of the dose can be obtained. Clearly,
where physical dose estimates can be made, the aberra
tion yield may serve as a valid supplement to the
physical data.

343. The exception mentioned in the above paragraph
relates to the association between chronic granulocytic
leukremia and the presence of the Phl chromosome in
cells of the bone nmrrow. The presence of such an
abnormal chromosome in bone-marrow cells is, apart
from one possible exception,223 always associated with
a blood dyscrasia-in almost all the cases with chronic
granulocytic leukremia and, in the others, with a
disorder such as polycythaemia vera. It has not yet
been shown whether a Phl chromosome can be ob
served in bone-marrow cells prior to the development
of overt hrematological disease. However, its presence
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in a bone-marrow cell of any irradiated individual must,
on present knowledge, be taken as indicating an ex
tremely high risk for the individual of developing
leukremia. On the other hand, it should be stressed
that Phl-like chromosomes have been observed in
single cells and in clones in peripheral blood lympho
cytes and skin cells of irradiated individuals, but their
presence in such cells has not, to date, been associated
with any kind of neoplastic change.

C. RECOMMENDATIONS FOR FURTHER STUDY

344. Human cytogenetics is still a relatively new and
vigorously developing field, and it is evident that there
are large gaps in our knowledge both of the response
of human chromosomes to radiation and of the con
sequences of radiation-induced chromosome aberrations
in human germ cells and somatic cells. Some of the
more immediate requirements and questions that need
answering and some of the more general longer-term
problems that require further attention are outlined in
the following paragraphs.

345. Further studies should be undertaken 011 human
meioti: cells, particularly from the point. of getting
better mformabon on the frequency and pOSSIble O'enetic
consequences of symmetrical spontaneous aber~ations
that cannot be detected in somatic cells.

346. A better understanding of the effects of culture
conditions on aberration yield in peripheral blood
leucocytes should be achieved, the aim being to develop
a standardized technique for interlaboratory use so that
standard coefficients for the yields of the various aber
ration types can be obtained.

34i. Further in ':Jitro studies on the effects of dose
rate and exposure time with radiations of low LET
and On the relative efficiencies with which aberrations
are produced by rad:~tions of different quality should
be made.

348. Very much more information is required to
define to what extent there exists a range of sensitivity
to aberration induction in a human population and
rega.rding t~e inflt~ence of age on response. These
stud!es can uc earned out by measuring the response
of blood cells to in vitro exposures.

349. Further work should be undertaken on the
relation between in vivo and in vitro responses, includ
iI~g studies on laboratory mammals and, where pos
SIble, on humans exposed to extracorporeal radiation
treatments.

350. Further information is needed on the influence
of various patterns of non-uniform radiation exposure
and a better understanding required of the lymphocyte
populations in the body, their distribution, age struc
ture and turn-over.

351.. Further data on the rate of decline of aberra
tion yi~ld. with !iI:1e following exposure .under a variety
of raclIatIon regImes should be acql1lred. Attention
should be devoted, in this respect, not merely to long
term changes occurring over periods of weeks, months
or years after exposure, but to changes that occur in
the first few hours and days. Consideration should also
be given to the importance of immune response and
other possible factors in such work.

352. Where possible, the utmost effort should be
made to obtain data from individuals undergoing uni
form whole-body irradiation.
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353. Further work on the qualitative and quantita
tive differences between aberrations induced by chem
ical and infectious agents in relation to ionizing radia
tions and studies on the response of peripheral blood
leucocytes (and bone-marro.v cells) to radiation whilst
in the Sand G2 phases of the cell cycle should also be
undertaken, since current information on chromatid
type aberrations induced in these cells is minimal.

354. Future advances in all aspects of population
cytogenetics will be greatly facilitated by the introduc
tion ,of automation into the processes involved in cyto
genetic analysis. In the case of surveys of populations
exposed to mutagens that induce chromosome abnor
malities, although a considerable amount of valuable
information will continue to be obtained through con
ventional methods, automatic systems should provide
pO\\!e~~ful tools for the cytologist, and their development
should be fostered.

355. A continued effort should be directed at
attempts to relate both yields and types of chromosome
aberrations to specific somatic diseases. In this con
nexion, follow-up studies on individuals exposed to
radiations are desirable, and continued studies of irra
diated individuals possessing Ph1-like chromosomes and
other clonal changes in their proliferating cells are es
sential.

356. Further studies on the possible relationship
between the incidence of aberrations on the one hand
and neoplasia on the other, both in man and in experi
mental animals, are ,required. In this connexioll, it

should be pointed out that there is no direct informa
tion whatsoever on a possible synergistic interaction
between oncogenic viruses and radiation-induced
chromosome damage. Experimental attack on this prob
lem is now possible.

357. There is an absolute dearth of information
relating radiation-induced aberrations to biological end
points. It should, therefore, be emphasized that the
existence of clones of cells containing abnormal karyo
types in the skin, bone marrow and peripheral blood
leucocytes of individuals previously exposed to radia
tion now offers an opportunity for detailed metabolic
study on a wide variety of chromosomally aberrant
cells. In this context, human-animal hybrid cells419, 420

may provide a useful tool. Such studies will provide
valuable genetic information as well as information on
the detrimental effects to be expected from certain kinds
of aberrations.

358. A follow-up of the studies indicating a possible
difference in the In vivo response of lymphocytes to
chromosome-aberration induction in different laboratory
mammals should be made.

359. Further studies on the radiation response in
different tissues and the radio-sensitivity of different
cell types, together with the possibility of utilizing
materials other than blood cells to measure aberration
yields, should be carried out.

360. Studies on the frequency, types and conse
quences of constitutional chromosome anomalies in man
should be continued.

.1
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TABLE II!. ABERRATION YIELDS FOLLOWING A SINGLE PARTIAL-BODY EXPOSURE OF

ANKYLOSlNG SPONDYLITIS PATIENTS TO X RAYS (250 KV)lO

A cells-Undamaged cells
B cells-Cells containing chromatid-type aberrations
ClI cells-Cells with unstable chromosome-type aberrations (rings, dicentrics, fragments)
Cs cells-Cells with stable chromosome-type aberrations

Tl'me of
A cells

R,'ng PillS
sompUng Modal Non·moda, B cells Cu cells C, cells dicentrl'cs Fragments

Skin post· Total
dose ,,-,,/>osllre cells Per Per Per Per Per Per

l'n r<lds in 1Ionrs all<ll.vscd No. No. cent No. cent No. cent No. cent No. cent No. cent

100 0 300 256 13 4.3 22 7.3 6 2.0 3 1.0 5 1.7 2 0.7
24 300 266 8 2.7 14 4.7 5 1.7 7 2.3 3 1.0 2 0.7

150 0 400 349 14 3.5 16 4.0 13 3.3 8 2.0 8 2.0 7 1.8
24 500 408 18 3.6 30 6.0 32 6.4 12 2.4 20 4.0 13 2.6

200 0 250 205 12 4.8 11 4.4 17 6.8 5 2.0 15 6.0 5 2.0
24 300 240 i 2.3 21 7.0 27 9.0 5 1.7 16 5.3 13 4.3

250 0 300 218 8 2.'1 33 11.0 24 8.0 17 5.7 11 3.7 14 4.7
24 300 221 7 ?~ 30 10.0 32 10.7 10 3.3 20 6.7 20 6.7_ •.J

300 0 400 319 14 3.5 14 3.5 41 10.3 12 3.0 28 7.0 19 4.8
24 350 240 23 6.6 13 3.7 67 19.1 7 2.0 55 15.7 27 7.7

700 24 100 29 29.0 30 30.0 18 18.0

TABLE IV. ABERRATION YIELDS FROM SEVEN PATIENTS EXPOSED TO SINGLE WHOLF.-BODY ,I
DOSES OF X RAYS (2 MEV) 10

-/"

A cells-Undamaged cells
B cells-Cells containiug chromatid-type aberrations

~jClI cells-Cells with unstable chromosome-type aberrations (rings, dicentrics, fragments)
Cs cells-Cells with stable chromosome-type aberrations

;1A cells B cells Cu cells C, cells Rings Nus Fragments
Time of dicentrics

sampling Modal Non·modal
post· Total !Dose ill c.t>posnre cells Per Pel' Per Per Pel- Per

Irods in lIOIII'S allolssed No. No. cent No. ce"t No. cent No. cent No. cent No. cent

"0" "Icontrol 700 618 45 6.4 27 3.9 5 0.7 5 0.7 2 0.3 3 0.4

!e 600 489 38 6.3 27 4.5 31 5.2 15 2.5 16 2.7 18 3.0
25 24 600 499 31 5.1 30 5.0 23 3.8 17 2.8 16 2.7 11 1.8

0 800 632 56 7.0 26 3.3 61 7.6 25 3.1 37 4.6 27 3.4
50 24 800 637 34 4.3 28 3.5 76 9.5 25 3.1 53 6.15 29 3.6

:,1

j
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TABLE V. FHEQl'ENCIES OF DlCENTRICS PLUS RINGS IN PEIUl'HEHAL BLOOD CCLTl.'HES TAKEN
DUIEDlATELY. OH TWENTY-FOUR HOURS AFTER, WHOLE-BODY EXPOSl'R\, OF l'ATlENTS
TO 2 },fEV X HAYS AT TUE DOSES IND!CATED271

Dose llllllledl'ateb' 24l1ollrs
Case rccdt·cd COlltrol oftel' treatlllellt treatlllellt

1111 III bel' (md) (lOO cells) (200 cells) (200 cells)

1 ?" 1 5 3-"2 ?" 0 2 8-"3 ?" 0 9 5-"4 25 0 6 7
5 25 0 8 4
6 ?" 0 5 3_J

i 50 0 4 15
8 50 0 14 14
9 50 3a 10 15

10 50 1 9 9
11 50 0 11 15
12 50 1 9 70

13 17 0 2 1
14 28 0 1 4
15 36 0 5 7
16 40 0 8 7

a One cell. containing a dicentric and a tricentric, has been scored as three dicentrics.

o Seven rings and dicentrics in seventy-five cells analysed.

TABLE VI. DICENTRICS PLUS RINGS FOLI.OWING ·in vitro AND in ~'ivo (WHOI.E-BODY) IHHADIATlON

Salllplillg Culture DI·CCH~·n·c

Radiatioll Dose tin,..? tillle pIllS "i'II1S
Allthors qllality ill rods Irradiatioll illllollrs ill hours per cell

Evans212 240 kVxrays
25 in vitro 54 0.065........................
50 0.15

Gooch et aT.229 250 kVxrays
25 in vitro 72 0.003...................
50 0.017
25 0 0.029

Langlands et aT.2il 2 1IeV x rays
25 ill vi'vo 24 53 0.025....... , .......
50 0 0.05
50 24 0.07
?" 0.025

Mouriquand et aT,13B 160 kV x rays -" in vitro 72..... , .......
50 0.05

Norman and Sasaki240 . , .. , ....... 1.9 MeV x rays 50 in vitro 50 0.014

Vander Elst et al.23O 220 kV x rays
25 in vitro 72 0.009.............
50 0.021

Visfeldt242 ....................... OOCo A rays 50 in vitro 48 0.02

T ABLE VII. FREQUENCIES OF DICENTRICS PLUS RINGS PER CELL IN PERIPHERAL BLOOD LEUCOCYTES
AT VARIOUS INTERVALS AFTER EXPOSURE OF INDIVIDUALS TO MIXED GAMMA AND
FAST NEUTRON RADIATION (CULTURES GROWN FOR SEVENTY-TWO HOURS; OBSERVED
NUMBERS IN PARENTHESES)

Estimated
Time after exposure

Case dose (rod) 29 mOllths)'" 42 1II0'ltlls12O 7 yea"s'83

A 365 0.01 (1) 0.04 (4) 0.02 (2)
B 270 om (1) 0.02 (2) 0.03 (3)

C 339 0.166 (24) 0.02 (2) 0.018 (2)
D 327 0.04 (4) 0.023 (2) 0.07 (2)

E 236 0.013 (1) 0.03 (3) 0.05 (5)

F 68.5 0 0 0

G 68.5 0 0
H 22.8 0 0.01 (1)

Xo dicentrics or rings were observed in 900 cells from control illdividuals129
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in U.A.R. during 1964. Report
U.A.R.S.C.E.A.R. vo1. 7-2, June 1965.

UNITED STATES OF AMERICA

1113 Radiological Health Data and Reports,
volume 7, No. 6, June 1966.
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1114 Radiological Health Data and Reports,
volume 71 No. 51 May 1966.

A/AC.82/G/R.

UNITED STATES OF AMERICA

225/Add.12 Supplement to NYO-4700-Manual of
Standard Procedures1 August 1965.

A/AC.82/G/L.
AUSTRALIA

1115 Strontium-90 in the Australian environ
ment during 1964.

UNITED ARAB REPUBLIC

1116 Environmental radioactivity in D.A.R.
in 1965. Report U.A.R.S.C.E.A.R. vo1.
8-1, June 1966.

ITALY

1117 Data on environmental radioactivity col
lected in Italy (July-December 1964).
Report PROT.SAN/06/65.

UNITED STATES OF AMERICA

1118 Fallout program quarterly summary re
port1 October 1, 19661 HASL-173.

1118/Add.1 Appendix to HASL-173.

NEW ZEALAND

1119 The genetically significant dose to the
population of New Zealand from diag
nostic radiology.

MEXICO

1120 Strontium 90 content in milk in Mexico.

UNITED STATES OF AMERICA

1121 Cosmic-ray ionization in the lower atmos
phere.

UNITED KINGDOM

1122 Annual report 1965-66. ARCRL 16.
1123 Assay of strontium-90 in human bone in

the United Kingdom. MRC Monitoring
report No. 13 (1966).

SWEDEN

1124 Effects of some radioprotective substances
upon pre-nata1 survival of offspring to
roentgen irradiated male mice.



Document No. COllntr31and title DOClmllmt No. COlllltr31and title

Testicular changes in atomic bomb sur
vivors.
Radiation-induced leukemia in Hiroshima
and Nagasaki 1946-1964. n. Observations
on type-specific leukemia, survivorship,
and clinical behavior.
In iltCtO exposure to the Hiroshima
atomic bomb. An evaluation of head size
and mental retardation: Twenty years
later.

1141

1140

1142

INDIA

1151 Estimates of biospheric contamination and
radiation dose from fallout for all the pre
treaty tests of nuclear weapons.

UNITED KINGDOM

1152 Assay of strontium-90 in human bone in
the United Kingdom, results for 1966,
Part 1. MRC Monitoring report No. 14.

SWEDEN

1147 Influence of gestation and lactation on
radiostrontium-induced malignancies in
mice. 1. Incidence, distribution and charac
teristics of 90Sr-induced malignancies.

1148 Influence of gestation and lactation on
radio-strontium-induced malignancies in
mice. n. Retention of radiostrontium and
relation between tumour incidence and
excretion rate.

FRANCE

1146 Retombees radioactives a la suite des tirs
nudeaires en Polynesie - juin-decembre
1966.

AUSTRALIA

1143 Concentration of caesium-137 in Austra
lian rainwater during 1964 and 1965.

1144 Concentration of caesium-137 in Austra
lian milk during 1965.

UNITED KINGDOM

1145 Agricultural Research Council Radiobio
logical Laboratory, Annual Report for
1966. ARCRL 17.

FAO/IAEA
1149 Dietary levels of strontium 90, caesium

137 and iodine 131 for the years 1965-67
(Interim report for the period 1.1.65
31.3.67) .

1149/Add.! Addendum to the report on dietary levels
of strontium 90, caesium 137 and iodine
131 for the years 1965-67.

UNITED STATES OF AMERICA

1150 Fallout program quarterly summary re
port, July 1, 1967. HASL-182

1150/Corr.1 Corrigendum to HASL-182.

1150/Add.! Appendix to HASL-182.

and
A cohort-type study of survival in the
children of parents exposed to atomic
bombings.

Some further observations on the sex:
ratio among infants born to survivors
of the atomic bombings of Hiroshima and
Nagasaki;

AUSTllALIA

Fall-out over Australia from nuclear
weapons tested by France during July
1966.

UNITED KINGDOM

Radioactive fallout in air and rain: Results
to the middle of 1966. Report AERE-R
5260 (1966).

UNITED STATES OF AMERICA

Frequency of live births among survivors
of Hiroshima and Nagasaki atomic
bombings.

UNITED STATES OF AMERICA

1966 Annual report of the Radiobiology
Laboratory. Report UCD 472-113.

SWEDEN

:!22Rn in milk
Observed levels of 137CS in Swedish rein
deer meat.
Observations on the 127CS/90Sr ratio in
dairy milk from different parts of Sweden.

UNITED STATES OF AMERICA

Fallout program quarterly summary re
port, April 1, 1967. HASL-181.
Appendix to HASL-181.
Manual of standard procedures, second
issuance 1967. NYO-4700.
Addendum to Manual of standard pro
ce.dures, NYO-4700.
Filter pack technique for classifying radio
active aerosols by particle size. Part 5
Final report. NRL report 6520.
Cytogenetic investigation of survivors of
the atomic bombings of Hiroshima and
Nagasaki.

1130

1129

1127

1128

1131

1132

1133
1134

1138

1139

1136

1135

UNITED STATES OF AMERICA

1125 Fallout program quarterly summary report,
January I, 1967. HASL-174.

1125/Add.l Appendix: to HASL-174.

INDIA

1126 :Measurements on airborne and surface
fallout radioactivity in India from nuclear
weapon tests. Report A.E.E.T.-247.

BELGIUM

La retombee radioactive mesuree a :rvlol.
Annee 1965. Rapport d'avancement.

1137/Add.!

1136/Add.l
1137

.-
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Doculllent No.

1153

1154

1155

1156

1157

1158

1159

1160

1160/Add.l

1161

1162

1163

COllut,.)., and tit/e

UNITED STATES OF AMERICA

Strontium 90 concentrations anel strato
spheric transport.

AUSTRALIA

Fa.llout over Australia from uuclear wea
pons tested by France in Polynesia from
July to October 1966.
Strontium 90 in the Australian environ
ment during 1965.
Iocline-131 levels 111 milk in Australia
during the period July-December 1966.

FAO/IAEA
The reliability of world-wide monitoring
in the light of accuracy in low level radio
chemical analysis.

UNITED STATES OF AMERICA

Strontitun-90 deposition in New York
City.

SWEDEN

The fallout situation in Denmark, Fin
land Norway and Sweden in 1965-1966;
repdrt from a meeting of Scandinavian
experts on radiation protection, Helsinki,
May 11-12, 1967.

UNITED STATES OF AMERICA

Fallout program quarterly summary re
port, October 1, 1967. HASL-183.
Appendix to HASL-183.

SWEDEN

Effects of radiostrontium and roentgen
rays on germ cells of male mice.

UNITED ARAB REPUBLIC

Fall-out and radioactive content of food
chain in U.A.R. during the year 1966.
Changes in the quenching effects of
animal plasma and sera with the radia
tion dose.

DoculIlcnt No, COl/lit,.)., aud titlc

1169 Pacnpep;eJIenue CTpOnIJ;Im-90 n n;e31m-137
no npolpumo nOlIB D npllpo.n;nLlx YCJlOmmx
D 1964 r.

1170 0 :mrp,mmellllu paCTUTeJILnOCTU npo.n;YI\Ta
MU p;eJlemur T,fliIWJUilX jJp;ep.

1171 HaROnJIenUe IICl~yccTn€ 'TilX pa.n;uollymllI-
P;OB na aeMBofi nonep} In n llafione r.
JIemmrpa.n;a B 1954-19bS rr.

1172 BLlna..n;enue npo.n;yRTon .n;eJIemm n OI\peCT
nOCTJIX .1I~mllnrpa.n;a n 1957-1965 rr.

1173 HccJIe.n;onanue pa.n;uoaRTIlBnoro 3arpjJ3ne
nU5I no.n;liI neI\oTopllU: llo.n;oeMon .1Iemm
rpa.n;cRofi o6JIacTII u Cenepo-3anap;Boro
6acceiina OOOP n 1961-1966 rr.

1174 Pacnpe.n;eJlenne pall;UOaIi.TIlBnLlX 11 eTa
6mIIlnLlx 1I30TOIIOn rn;eJlOqIlLlX 11 rn;eJI01IBO
3eMeJIIlHLlX OJleMeBTon n na.n;3eMHDIX opra
Bax CeJIIlCIWX03jJficTBennJiIX pacTenntt.

1175 0 BJIUjJnuu npllpo.n;BDIX yCJIonllfi Ba co.n;ep
JlmBUe 11 pacnpe.n;eJIeBUe pa.n;uoaRTllnnOrO
CTpOBn;UjJ n n01IBenBoM nOltpOne.

1176 Pacnpell;eJIeBUe pa.n;uoaRTIIBHoro cTIlOBn;U5I
Bnoqnax pa3JIulIBDIX npupo.n;llDIX 30B.

1177 Pe3YJIbTaTLl onpep;e.lJ:eHU5I CTpOHn;U5I-90 B
Bo.n;ax HHp;uficI\Oro OReaBa B 1962 r.

1178 OTpoBIJ;ufi-90 B Bop;oeMax COJIOHOnaToBop;
Horo H npecHono.n;Horo TIma (1966 r.).

1179 HeRoToplile aCneRTLl TRaHeBofi ll;03uMeTpuu
pa.n;u5I-226.

1180 ,n;03uMeTpUqeCRUe xapaRTepJICTIIRU UHROp
1I0pUpOnaHHoro Me30TOpU5I-228.

1181 HeItOTOplile pall;lIan;UOBHo-rllruenUqeCIille
aCneRTLl MURpORJIlIMaTa cTpoeBufi.

1182 Pa.n;uoaRTlInHocTb TRaHeit JKUTeJIeit OTAeJIb
BliIX paitonoB ConeTcRoro 00l03a.

1183 CTaTlICTllqeCRUe napaMeTplil oOMeHa n;e
su5I-137 rJI06aJIbBOrO npOHCXO)lc.n;eBII5I y
JIClITeJIefi ApItTllqeCRlIX paiioBon.

1184 OTPOB~llit-90 B RocTnoii TRaBlI BaCeJIenlI5I
OOBeTcRoro OOlOsa.

1185 D;e3uii-137 B opraB1I3Me JliHTeJIeii r. MocR
BliI.

1164

1165

1166

1167

1168

INDIA

Gamma activity of the food samples in
India during the period 1963-65. Report
A.E.E.T.273.
Cesium-137 and potassium in milk. Report
BARC-278.

UNION OF SOVIET SOCIALIST REPUBLICS

06 HCRycCTBeBBOii pa.n;HoaRTHBBoCTH aT
Moc<l!epBDIX aap030JIeii.
Co.n;epjliaBHe cTpo~5I-90 H n;e3H5I-137 B
Bo.n;ax ATJIaBTHqeCROrO OReaBa Hera ~IOpetl:

B aBrycTe-B05I6pe 1963 r.
Co.n;epJI\aBue CTpoBn;H5I-90 JI n;e3u5I-137 B
Bo.n;ax ATJIaBTHqeCIWrO OReaBa Hero lllOpeii
B anpeJIe-HIOJIe 1964 r.
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1186

1187

1188

1189

IIocryuJIeBue CTpoHIJ;Il5I-90 U n;e31I5I-137 C
nlIrn;enLlM pan;HOBOM BaCeJIeBHIO ConeTcRo
ro 00103a B 1965-1966 rr. :B pe3YJIbTaTe
CTpaToc<l!epBLlx BLllla.n;eHuii, U
,n;03li1 OOJIyqeBHH BaCeJIeBU5I OCOP OT
CTpaToc<l!epHliIx Bbma.n;enIIit n 1964-1965
IT.

OcooeBHocTu MlIrpan;IIH rJIOOaJIbBOrO n;e
31I5I-137 lIS p;epHonO-IIop;30JIIICTLlX necqa
HDIX nOllB no nHm;eBLl~[ n;eUOqRaM B opra
BH3M qeJIOBeRa.

YpOBHlI co.n;ep)I\aHII5I rJIOOaJIbBOrO n;e3H5I
137 B opraHu3Me JIlo.n;eii pa3JIUqHblX rpynn
RopeHHoro BaC'eJIeHII5I HeHen;Iwro Han;UO
BaJIbHOrO OIcpyra B 1965 r.

OCHoBHLle UTorII pap;uan;lIOBBo-rnrneHUqe
CRUX lICCJIe.n;OBaBnfi ~mrpan;HII rJIOOaJIbHLlX



DOCl/lllellt No. COl/lltr:,' aM titlc DOCllIIlCllt No. COlllltr:,' alul tWc

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1205/Add.1

1206

1207

DLlnn~enlln D npllnpltTU1ICCRlIX pufionux
OOOP D 1959-1966 rr.
OTponUllfi-90 II IIoJIomdt-210 DROCTJlX ~Im

TeJIcil Itpntincro OcnCI)!\, D 1965 r.
HccJIe~omumc pacnpocTpnnCBIIJI paAIIOal\
'rmmoro BarpJlBUCmIJI, oUyclIoBJIIInac:r.roro
cOPOCO~I pU~I10nRTIIBnliIx oTXo~on D Hp
JIaU~CI\Oe MOpC.
PUAIIOaRTIIBIIOCTb UT)IOClpCpnoro D03p;yxa II
nCIwTopliIX npop;yltTOn TIlITUHlIJI Dr. :MOClt
DC D 1965 11 1966 rr.
OOp;CpjlmnllC :u;eBIIJI-137 11 I\UIIIIJI J' IHtCCIIC
nIlJI COOP D1962-1966 rr.
UNION OF SOVIET SOCIALIST REPUBLICS

CTPOHI~I1fi-90 n DO~OI)OCIIJlX, :u;nCTROBliIX
paCTCBIIJlX, :MOJIJlIOCRUX, pal\006pU3HliIX 11
pliIoax lIcpBoro :MOpJI (1965-1966 rr.).
D;cBIIfi-137 11 cTponn;I1fi-90 B TIOJleBJlX 11
Ol\CalllJ1ICCImX pliIoax.
OnpCp;CJICHIIC KOBn;CBTpUIJ;IIfi KaA:MIIJI-109 B
npIlBC:MnOM BOBP;YXC 11 BliIna,AcmlJlX B neRO
TOpliIX nyHItTaX OOBCTclwro COIOBa B
1964-1966 rr.
MeTOp;I1Ra paC1J:CTa U onpCp;CJlCHIIC AOB
BHCIIlHcro OOJIY1J:CHlIJI OT ra!lIMa-I1BJIY1J:aIO
~I1X B J'MCpCHHOM nOJlcc CCBcpHoro nOJIJ'
mapIlJI B 1962-1965 rr.
IIporH03 J'POBHCfi OOJlY1J:CHlIJI RopcnHliIX
~ITCJIcfi I{patincro Ccnepa Ba C1J:CT I1HIWp
nopIIpOBaBHoro rJI06alILHoro IJ;C311JI-1S7.
COAcpmanIIe cTponIJ;IIJI-90 B rJlOOaJIbBliIX
BliIHa'iJ;cnUJIX na TCppllTOpUlI YRpaUBCRofi
COP B 1963-1966 rr.
rJIOOaJILBliIC BliIna)l;enIlJI CTpO~I1JI-90 Ba
TCppIlTOpllIl YpaJla BnepIlo)l; 1961-1966 rr.
YpOBHII pa,)l;I10aRTIIBHoro BUrpJIBBCBIIJI
np1l3e:MHOro CJlOJI U'l'MocqJepJ>I 11 IlOBepxBo
CTII BCMJIII npO)l;yltTaMlI JI)l;epBliIX BBpJ>IBOB
B 1963-1965 rr. BIIOP;MOCIWBLC.
Cpa,BBeBIIe peByJlLTaToB II3MepcHlIit a~IO

C<pePBliIX BliIIIa)l;eBIIit CTpoBIJ;uJI-90 B paB
BliIX CTpauux.

ITALY

Data on environmental radioactivity col
lected in Italy, January-June 1965.
Data on environmental radioactivity col
lected in Italy, July-December 1965.

UNITED STATES OF AMERICA

Fallout program quarterly summary re
port, January 1, 1968. HASL-184.
Appendix to HASL-184.

BELGIUM

La retombee radioactive mesuree a Mol.
Annee 1966. Rapport R.2429.

SWEDEN

Irradiation itlduced asym,l11etry of the thy
mus in mice.

159

1208

1209

1210

1211

1212

1214

1215

1216

1217

1217/Add.l
1218

1219

1220

1221

1222

The radiosensitivity of offspring of an
irradiated mouse population. H. The
effects of acute or fractionatcd doses of
X-rays on male offspring.

UNITED KINGDOM

Assay of strontium-90 in human bone in
the United Kingdom. Results for 1966,
Part H with some further results for
1965.

MEXICO

Analisis radioquimicos en muestras am
bientales en Mexico clurante 1966.

UNITED KINGDOM

Radioactive fallout in air and rain: results
to the middle of 1967. Report AERE-R
5575.

SWEDEN

Protective effect of cysteamine at frac
tionated irradiation. n. Shortening of life
span.

FAO/IAEA

Dietary levels of strontium-90, caesium
137 and iodine-131 for the years 1965-68.
Second interim report covering period
1.1.65-10.2.68.

AUSTRALIA

Iodine-1S1 concentrations in Australian
milk resulting from the 1967 French nu
clear weapon tests in Polynesia.
Fallout over Australia from nuclear weap
ons tested by France in Polynesia during
June and July 1967.

UNITED STATES OF AMERICA

Atmospheric burnup of a plutonium-238
generator.
Fallout program quarterly summary re
port, April 1, 1968. HASL-193.
Appendix to HASL-193.
Environmental gamma radiation from
deposited fission products, 1960-1964.

AUSTRALIA

Strontium-90 in the Australian environ
ment during 1966. SuppI. for January-

, June 1967 attached.

ITALY

Data on environmental radioactivity col
lected in Italy (January-June 1966).
Data on environmental radioactivity col
lected in Italy (July-December 1966).

AUSTRALIA

Concentrations of caesium-1S7 in rain
water anclmilk in Australia during 1966.

I
1

'1
;1
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1223 Strontium-90 and caesium-137 in some
Australian drinking water supplies-1961
1965.

DENMARK

1239 Strontium-90 in human bone. Denmark
1964-1967.

1224
SWEDEN

Pathologic effects of different doses of
DOSr in mice. Development of carcinomas
in the mucous membranes of the head.

1240

UNITED KINGDOM

Radioactive fallout in air and rain-re
sults to the middle of 1968.

,

DENMARK

1226 Low dose X-irradiation and teratogenesis.
A quantitative experimental study, with
reference to seasonal influence.

: ,

1

UNION OF SOVIET SOCIALIST REPUBLICS

)J;II(P<PYSIIH CTpO~IIH-90 BnO'IBaX.
BIIOJIOrmleCRaJI :r.lIIrpa~IIH pap;IIOHYRJIIIP;OB
B npeCHOBOp;HIiIX II COJIOHOBaTOBOp;HIiIX BO
p;OeMaX.
CTPOH~fi-90 B ROCTHOfi TRaHII HaCeJIeHUH
COBeTCRoro COIosa (1957-1967 IT.).
IIocTYnJIeHHe CTPO~H-90 U ~esuH-137 C
nIIIIJ;eBIilM pa~IIoHoM HaceJIeHHIO COBeTcRo
ro COIOsa B 1966-1967 IT. B pesyJlbTaTe
cTpaToc<pepHIilX BIilllap;eHIIfi.
MaTeMaTIItIeCROe onlIcaHIIe p;IIHaMlIRII npo
~eCCOB pap;lIoaRTlIBHoro sarpHsHeBlIH MOp
CRUX opraHUSMOB liS BOP;HOfi cpep;Iil.
3aROHOMepHOCTII pap;1I09ROJIorutIeCRIIX npo
~eCCOB Ro~eHTpnpOBaHIIH B MOp.rrx H
OReaHax.
Cop;epmaHue CTpO~IH-90 U ~esuH-137 B
HeROTOpIiIX 06'I>eR'raX BHeIllHefi cpep;Iil H B
opraHmme JIIOp;efi B1958-1967 rr.
CTpaTOC<pepHIile BIilllall;eHlIH pall;UOaRTHB
HIiIX npOll;YRTOB JIll;epHIilX BSpIilBOB Ha Ma
T3pURII 11 OReaHIil B yMepeHHIiIX nmpOTax
ceBepHIilX nOJIymapuii.
aRcnOHeH~aJlbHIilii lICTO'IHUR ItaR MOp;eJIb
pall;UOaRTIIBHIiIX sarpn:sHeHIIil: nOtIBIil.
Tpex- II tIeTIilpeXRaMepHaJI MOp;eJIb MeTa
60JIUSMa ~eslIH y RpIilC II qeJIOBeRa.
HeRoTopIile 3aRoHoMepHOCTII 3arpn:3HeHuH
06'I>eRTOB BHemHeil: cpep;Iil cTpo~ueM-90 B
nepIIop; CTpaToc<pepHIiIX BIilllap;eHuii.
o MeToll;IIRe IICCJIell;OBaHun: nOBep;eHlIH pa
p;1I0aRTIIBHOrO CTpOH~n: B nOtIBaX paaJIutI
HIilX reOXllMll'IeCRIIX JIaHll;ma<pToB.
Pall;U09ROJIOrUtIeCRUe npo~eccIil HaROnJIe
HUn: 11 ll;UHaMURII BOll;HIilX Macc B MOp.rrx II
OReaHax.
HeROTopIile U3MeHeHIIH B ll;RHfwT6JIbHOi!:
c<pepe y J1U~, pa60TaIOII~lIX.B yCJIOBUn:X
XpOHHtIeCROro JIytIeBOrO B03p;e~CTBHH.

XapaRTep paCIIpell;eJIeHHH ~e3IIn:-137 no
fJIy6uHe nOtIBIil B HeROTopbIX pa:ltoHax Co
BeTCROfO COI03a B 1966-1967 rr.
KOH~eHTpa~IIH~e3IIn:-137B BOJIOCax qeJIO
BeKa KaK HHll;IIRaTOp ROJIIItIeCTBa 9Toro
II3OTona B opraHH3Me.

1244

1250

1248

1247

1246

1245

1251

1254

1253

1252

1249

1257

1256

1255

1242
1243

UNITED STATES OF AMERICA

1241 Fallout program quarterly summary re
port, 1 January 1969. HASL-204.

1241/Add.! Appendix to HASL-204.

FRANCE

Premier bilan de sept annees de recher
che sur les niveaux de la contamination
du milieu ambiant et de la chaine alimen
taire par les retombees radioactives sur
le territoire franc;ais. Rapport SCPRI
N° 115.

UNITED STATES OF AMERICA

Cytogenetic study of the offspring of
atomic bomb survivors.
Health and Safety Laboratory Manual of
standard procedure, NYO-4700. Revised
pages, August 1968.
Effects of ionizing radiation from the
atomic bomb on Japanese children.

1225

1237

1236

1238

UNITED STATES OF AMERICA

1227 Fallout program quarterly summary re
port, July 1, 1968. HASL-197.

1227/Add.! Appendix to HASL-197.

UNITED KINGDOM

1228 Annual report, 1967. ARCRL 18.

UNITED STATES OF AMERICA

1229 Terrestrial and freshwater radioecology.
A selected bibliography. TID-3910,
Suppl. 5.

1230 Chromosome aberrations in leucocytes of
older survivors of the atomic bombings of
Hiroshima and Nagasaki.

1231 Variation in the human chromosome
number.

1232 Lens findings in atomic bomb survivors.
1233 Spleen shielding in survivors of the atomic

bomb.
1234 Leukemia in offspring of atomic bomb

survivors.
1235 Fallout program quarterly summary re

port. HASL-200, October 1, 1968.
1235/Add.1 Appendix to HASL-200.

SWITZERLAND

11. Bericht der Eidg. Kommission zur
Uberwachung der Radioaktivitiit fur das
Jahr 1967 zuhanden des Bundesr::ltes.

1137/Add.2

160



Doctmltllt No. Country and title Docume/lt No. COllntry and title

FRANCE

1276 Retombees radioactives a la suite des tirs
nucleaires en Polynesie (Annees 1967 et
1968).

FAO/IAEA

1274 Dietary levels of strontium-90, caesium
137 and iodine-131 for the years 1965-68.

CZECHOSLOVAKIA

1275 Values of oOSr in vertebrae and in femoral
diaphysis of adults in Czechoslovakia in
1968.

UNITED STATES OF AMERICA

1277 Strontium 90 yield of the 1967 Chinese
thermonuclear explosion.

1278 Health and Safety Laboratory fallout
program quarterly summary report,
1 April 1969. HASL-207.

1278/Add.! Appendix to HASL-207.

:j
.\

FOOD AND AGRICULTURE ORGANIZATION

Soil calcium maps of Africa, South
America and parts of Asia.

INDIA

1271 Atmospheric and precipitation radioacti
vity in India.

UNITED KINGDOM

1272 Assay of strontium-90 in human per
manent teeth in the United Kingdom
1963-1965.

1273 The accumulation and retention of stron
tium-90 in human teeth in England and
Wales-1959 to 1965.

1279

BepTIIRa.Jlt,,\;)e pacnpep;eJIeHlIe n O~eBRa

nOp;BIIJlaIOCTn npOp;yKTon JIp;epULIX nspIirBOB
n neKOTOpIiIX Tnnax no'IB COBeTCKOrO Coro
sa.
Pap;UOMeTpIl'leCRaJI yCTauoBRa P;JIH onpep;e
JIeHlrn: COp;epJltanUH cTpon~Irn:-90 n MOP
cRofi nop;e.
IIOJIOHlIit-210 n opranllSMe II OKPYJltaro~efi
cpep;e.
CocTOHHlIe nepnHofi CIICTelllJi[ Yp;eTefi n OT
p;a~eHEUae CpOKII nOCJIe JIyqeBOrO Bosp;efi
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JIeHUe liS aTMoc<!>epIil ocap;RaMJI.
o nOSMOJKUOCTn npep;Horo p;efiCTBUH nOHlI
SlIpyroIII;IIX u3JIyqeullit B MaJILIX p;ooax na
<!>YHI~n;lIn speJIofi ~eHTpaJlJ>HOfi nepBnoft
CHCTe!liIil.
o p;eftCTBIIII lIoHlIsupyroIII;ux IISJIyqeHlI:lt Ha
nepBUYro CIICTeMY qeJIOBeRa. lfacTIi 1.
o p;eficTBun HOHll3npyroIII;IIX II3JIyqeHIIfi Ha
nepBUYro CUCTeMy qeJIOBeRa. lfacTIi 2.
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AnnexE

The C011/.1IliUeeJs specific requirements on contin'uing
survey measurements are the following:

(a) The Committee':; estimates of the total amount
of individual ntlclides in the atmosphere and in soil
have so far been based on the results of two continu
ing world-wide surveys. The Committee expressed
the hope that the results of these surveys would still
be available to it in the future.

(b) With regard to levels in food, the Committee
requires the results of measurements of Sr90 (in
pCijg Ca and pei/kg) and CS137 (in pCijg K and
pei/kg) contamination in dairy produce, cereals
and vegetables. The Committee also expressed in
terest in obtaining a few representative measure
ments of the levels of stable strontium in the same
food-stuffs.

(c) Tissue levels include (i) body contents of
CS137 and (ii) Sr90/Ca ratios in the skeleton. As
it is anticipated that the distribution of Sr90 in adult
bones will become more uniform in the next few
years, the Committee recommended that intercom
parisons of contamination levels in various types of
bone and in whole skeleton be made more regularly
than hitherto. The Committee also noted that an
increasing number of persons were now entering
adult life \"ho had been exposed to Sr90 contamina
tion during their growing years and in whom the
distribution of Sr90 within the skeleton will be dif
ferent from those who have only ,been exposed as
adults. The Committee therefore recommended that
the results obtained from adults should be reported
separately for those between twenty and thirty years
of age and for those older than thirty in 1967, and
that for the next few years results for children
should be presented by years of age up to four years
and as a group from five to nineteen years. Because
of its importance in assessing the long-term behaviour
of 81'90 in the human body, the Committee would
also be interested in obtaining measurements of
stable strontium in bones of both juveniles and
adults from those populations where comparable
data for diet are also available.

(d) Levels of external radiation from deposited
radio-nuc1ides have been recorded continuously at
a few sites, and the Committee recommended that
these recordings be continued and that othe.r measure
ments making it possible to improve the accuracy

both diet and human tissue since 1961 or earlier con
tinue to do so in the future. The measurements needed
by the Committee are, as before, the total amounts of
individual long-lived ntlclides in food and human tissue,
levels of external radiation from deposited radio
nuclides and levels of contamination by short-lived nu
elides in food.

LETTER SENT AT THE REQUEST OF THE COMMITTEE BY ITS SECRETARY TO STATES MEl\'I.
BERS OF THE UNITED NATIONS AND MEMBERS OF THE SPECIALIZED AGENCIES AND OF
THE INTERNATIONAL ATOMIC ENERGY AGENCY ON 30 APRIL 1968

Sir,

I have the honour to inform you that the Scientific
Committee on the Effects of Atomic Radiation, which
was established by the General Assembly at its tenth
session, has completed its eighteenth session during
which it has reviewed, among other things, the in
formation that it currently requires to assess levels of
radiation resulting from nuclear tests.

The Committee noted that in the past it had received
from a number of countries a large amount of informa
tiot, on radio-active contamination of the environment
from nuclear tests. It expressed its appreciation of
those comprehensive survey data that have greatly
assisted it in its evaluations. Although there are large
areas of Africa, South America and Asia, encompassing
nearly two thirds of the world population, from which
information has been fragmentary, nevertheless the
Committee has been able to make reasonable estimates
of the average exposure of the world population.

However, to guard against the possibility that popu
lation exposures in certain areas, and therefore their
contribution to world-wide population averages, may
have been underestimated owing to lack of informa
tion, the Committee felt that it would be valuable to
have some measurements of bone contamination in a
few selected locations. Extensive surveys in these areas
are not needed for the assessment of the average world
population exposure, but more information on environ
mental transfer mechanisms would be useful for esti
mating local exposures in possible future situations of
environmental contamination.

For those areas from which most of the information
has come, the general principles governing the transfer
of radio-active material to man through food chains
are now better understood than when the last request
for measurements was made by the Committee in 1960.
In the past, radio-active contamination has been largely
by direct deposition on the above-ground parts of
plants, but rates of deposition oE the radio-active ma
terial are now relatively small and, unless large-scale
atmospheric testing is resumed, the future mode of en
try of long-lived nuc1ides into food chains will mainly
be by root absorption of the deposit accumulated in
the soil. Opportunities for quantitative study of this
mechanism, as well as of the behaviour of long-lived
radio-nuc1ides in the soil, have been limited in the
past, and the Committee expressed the hope that sur
veys would continue in the future to provide informa
tion on this problem.

The Committee considered that this information can
be obtained from surveys conducted in only a limited
number of countries where agricultural practices and
dietary composition are representative of those of a
wider area, and recommended that those countries
which have reported survey data on contamination of
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of estimates of external gamma doses from CS1Si

and sHIrt-lived nuclides should also be made,

(c) The Committee has a continued interest in
levels of p:n in milk and vegetables because of the
high concentration of iodine in the thyroid gland,
relative to other tissue:;, and of the resultant local
rndintion doses, which can be of particular impor
tance in infants and children,

(f) The Committee is also interested in data on
other internal emitters in local areas, when these
emitters make a substantial contribution to radiation
exposure from environmental contamination,

Tile Committec's "eql/iremenfs on 1'lIformation from
areas not CO'lJcl'rd bJ' continl/ing sl/rve)'s are as follo'lCJs:

Limited investigations only, rather than continu
ing surveys, would be adequate for the purpose of
obtaining information from those areas of the world
from which data are yet scant. :Measurements of Sr90

in bones from selected areas need to be carried out
only once in the near future, The areas of greatest
interest to the Committee are those where the main

163

calcium contribution to the diet is from cereals such
as rice and maize, or from pulses and nuts, The
Committee believes that one effective way of carrying
out such a limited collection of samples is by agencies
within the United Nations system and by existing
national laboratories,

The Committee emphasized that it had outlined the
information at present required for its own purposes
only and noted that its requirements might need a
further revision if massive injections of radio-active
material into the atmosphere through nuclear tests
were to be resumed, and that the requirements would
in any case be revised as soon as sufficient additional
knowledge accumulated,

Accept, Sir, the assurances of m)' highest considera
tion,

(Signed) Francesco SELLA

Secretary

Um'ted Nations Scietltific Committee
011 the Effects of Atomic Radia.tion
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