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NOTE

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

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

INTRODUCTION

CODltitutiOD and terml of referen~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, under resolution 913 (X), as a result of debates
held in the First Committee 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 AssemtJv requested the
Committee: •

"(a) To receive and assemble in an appropriate
and useful form the following radiological information
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 already
under way or later undertaken by national
scientific bodies' or by authorities of national
Governments;

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

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

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

"(e) To make yearly progress reports and to de
velop by 1 July 1958, or earlier if the assembled facts
warrant, a summ::!.ry of the reports received on radia
tion levels and. radiation effects on man and his en
vironment together with the evaluations provided for
in sub-paragraph (d) above and indications of re
search 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 Na
tions or members of the specialized agencies."
2. The Committee consists of Argentina, Australia,

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

Activities of the Committee
3. Since its establishment, the Committee has held

fourteen sessions. Its activities during the first eleven
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sessions were surveyed in the introduction to the com
prehensive reports that the Committee submitted to the
thirteenth and seventeenth sessions of the General As
sembly in 19581 and 1962,2 respectively. The 1962 com
prehensive report of the Committee was noted by the
General Assembly during its seventeenth session in reso
lution 1764 (XVII) of 21 November 1962. By that
resolution, the General Assembly:

(1) Commended the United Nations Scientific Com
mittee on the Effects of Atomic Radiation for its
work and for the valuable report it had presented;

(2) Expressed its appreciation to the International
Atomic Energy Agency, to the specialized agencies,
to the international non-governmental and the. na
tional scientific organizations and to the individual
scientists who had assisted the Scientific Committee
in its work;

(3) Called particular attention to the Scientific Commit
tee's finding that the exposure of mankind to radia
tion from increasing numbers of artificial sources,
including the world-wide contamination of the en
vironment with short- and long-lived radio-nuclides
from weapons tests, called for the closest attention,
particularly because the effects of any increase in
radiation exposure might not be fully manifested for
several decades in the case of somatic disease, arid
for many generations in the case of genetic damage;

(4) Urged all concerned to take note of the suggestions
made and the views expressed in the report of the
Scientific Committee;

(5) Requested the Scientific Committee to continue its
assessment of radiation risks as well as its review
of those studies and further investigations that
should be undertaken in the interests of increasing
man's knowledge of the effects of radiation, and to
report to the General Assembly at the eighteenth
session on its progress and on its future programme
of work;

(6) Called upon the International Atomic Energy
Agency, the specialized agencies, the international
non-governmental and the national scientific organi
zations, individual scientists and the Governments
of Member States to continue to co-operate fully
with the Scientific COIlLmittee in carrying out its
further important responsibilities;

(7) Recommended the Governments of Member States
to prepare and carry out according to their means
large-scale information programmes on the effects
of atomic radiation;

(8) Requested the Secretary-General to continue t6
provide the Scientific Committee with the assist:
ance necessary for the conduct of its work. .

1 Official Records of the General Assembly, Thirteenth Ses
sion, Supplement No. 17 (A/3838).

2 Ibid., Seventeenth Session, Supplement No. 16 (A/5216).



4. As requested in that resolution, the Committee dis
cussed its programme of work at its twelfth session,
which was held at the European Office, Geneva, from
21 January to 30 January 1963, and outlined the pro
gramme in a report to the General Assembly.8

5. In that report, it was noted that the request of the
General Assembly that the Committee continue the as
sessment of radiation risks involved reviewing, on the
one hand, the dose contributions from different sources
of radiation and, on the other, the results of biological
and meclicai studies which would lead to a better knowl
edge of the genetic and somatic effects of radiation and
of the way in which the frequency of their occurrence
depended upon radiation dose. Any significant change
in estimates of the doses received by human tissues or
in the evaluation of quantitative relationships between
dose and effects might require revision of the estimates
of radiation risks.

6. The Committee also expressed the view that the
General Assembly might be effectively kept informed of
the results of the Committee's continuing deliberations
if the Committee submitted, at relatively irequent but
not necessarily yearly intervals, short or specialized re
ports on any conclusions significantly affecting the esti
mates of radiation risks. The Committee left open the
possibility of preparing a r·~w general review of the
whole field of study encompassed by its terms of refer
ence at a time when scientific progress would, in its
opinion, so require.

7. The report was conside:.-ed by the General Assem
bly at its eighteenth session. Following debate in the
Special Political Committee, the General Assembly
adopted, on 12 November 1963, resolution 1896 (XVIII)
by which the Scientific Committee was requested to con
tinue its programme and its co-ordinating activities to
increase the knowledge of the levels and effects of atomic
radiation from all sources.

8. In response to that request, the Committee at its
thirteenth session reviewed the information on environ
mental contamination and on induction of malignancies
as a preliminary to the present report, which was com
pleted and adopted on 10 July 1964 during the fourteenth
session of the Committee.

9. At its fourteenth session, the Committee also dis
cussed how it should continue its work of assessment of
radiation risks from all sources and asked that arrange
ments be made to hold one session in 1965. The Com
mittee expressed the hope that it would find it possible
to submit a further substantive report to the General
Assembly in 1966.

Sources of information

10. The reports received by the Committee between
10 March 1962 and 3 July 1964, inclusive, 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 them
selves, are listed in annex C. Reports submitted prior to
10 March 1962 were listed in the 1958 and 1962 reports
of the Committee. These reports were supplemented by
a number of other publications available in the scientific
literature and also by unpublished personal communica
tions from individual scientists.

8 Ibid., Eighteenth Session, Annexes, agenda item 31, docu
ment Aj5406.
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Organization of the work of th~ Committee

11. Discussion and evaluation of the information re
ceived by the Committee, as in the past, took place in
the course 0:1 informal meetings among groups of special
ists set up by the Committee, their general conclusions
being subsequently reviewed by the full Committee.
According to the Committee's established practice, no
detailed record of its technical discussions was taken.

12. Mr. D. J. B~ninsonof Argentina and Mr. M. E. A.
EI-Kharadly of the United Arab Republic served as
Chairman and Vice-Chairman, respectively, during the
twelfth and thirteenth sessions of the Committee. At the
thirteenth session, Mr. D. J. Stevens of Australia and
Mr. A. R. Gopal-Ayengar of India were elected Chair
man and Vice-Chairman, respectively, to serve during
the fourteenth and fifteenth sessions. The names of
scientists who have attended sessions of the Committee
from the twelfth to the fourteenth sessions, inclusive, as
members of national delegations, are listed in appendix 1.

Scientific assistance

13. As in the past, the Committee was assisted by a
small scientific staff and by consultants appointed by the
Secretary-General. Scientific staff and consultants were
responsible for preliminary review and evaluation of
the scientific information received bi the Committee or
published in the technical literature.

14. While the responsibility for the report rests en
tirely with the Committee, the Committee wishes to
acknowledge the help and advice received frm;} those
scientists whose names are listed in appendix II. The
Committee owes much to their co-operation and good
will.

Relations with United Nations agencies and other
organizations

15. The Committee has been gratified by the assist
ance that it has received during its sessions from the
International Labour Organisation (ILO) , the Food and
Agriculture Organization of the United Nations (FAO),
the World Health Organization (WHO), the World
Meteorological Organization (WMO) among the spe
cialized agencies of the United Nations and from the
International Atomic Energy Agency (IAEA), as well
as from the International Commission on Radiological
Protection (ICRP) and the International Commission
on Radiological Units and Measurements (ICRU)
among the non-governmental organizations.

16. In response to a request of the Committee, FAO
assembled data on the contamination of the food chain
that were used in the preparation of the present report,
and WMO assisted in the evaluation of problems of
transport and distribution of radio-active debris by
convening a group of leading meteorologists who took
par.t in the discussions on atmospheric contamination
that were held during the thirteenth session of the Com
mittee.

17. As noted in the 1962 report, at its eleventh session
the Committee had given consideration, at the request
of the Secretary-General of WMO, to a draft plan pro
posed by that Organization for the implementation of
section rr of General Assembly resolution 1629 (XVI).
In response to a further request of the Secretary
General of WMO, the Committee considered at its



twelfth session a revised plan prep3.red by that Organi
zation following the recommendations previously mare
by the Committee. As a result of its deliberations, the
Committee adopted a statement that was transmitted to
the Secretary-General of WMO and which contained a
number of recommendations on those aspects of the plan
which fell within the terms of reference of the Com·
mittee.

Scope and purpose of the report

18. The present report makes no attempt to cover the
whole field of radiation effects as did the 1958 and 1962
reports of the Committee. Rather, the report confines
itself to two subjects only: the contamination of the en
vironment by nuclear explosions and the possibility of
quantitatively assessing the risk of induction of malig
nancies by radiation in man.

19. Regarding the former subject, the Committee felt
it appropriate to make a detailed review of the informa
tion available as at June 1964, which would complete the
survey made in the Committee's 1962 report. After the
adoption of that report, atmospheric contamination from
nuclear explosions had continued on a large scale until
the end of 1962, thus calling for a revision of fIe esti
mates of doses and risks from radio-active deb:ds. Be
sides, the results of a number of new studi.es had been
published since March 1962 which had to some extent
clarified many of the problems ~eft u:-:.solved in the 1962
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report. In making estimates of risks from environmental
contamination, the present report will therefore take
into account not only the amount of radio-active material
that is now present in the environment hut also the new
knowledge of mechanisms of distribution in the environ
ment and of uptake in the food chains and eventually in
body tissues. Since only those aspects of the subject that
have been significantly altered by new advances since
1962 are reviewed in the present document, the reade:r
is referred to the 1962 report for the necessary back
ground information.

20. With regard to the induction of malignancies,
though no radical change in our knowledge has taken
place since 1962, recent information makes it possible
to give a sounder basis to certain risk estimates that the
Committee had already obtained in the past, to confirm
some that had been adumbrated and to propose new ones.
In the case of the induction of malignancies also, the
reader is referred to the 1962 report for a discussion of
many details of radiation carcinogenesis that will not be
dwelt upon in the present report.

21. As in earlier reports of the Committee, the main
text of this report is accompanied by technical annexes
in which the scientific information available to the Com
mittee is discussed in some detail. The Committee wishes
to emphasize, as it did in the past, that its conclusions,
being based on the scientific evidence presently available,
cannot be considered as final and will require revision
as scientific knowledge progresses.



CHAPTER 11

RADI().AC11VE CONTAMINATION OF THE ENVIRONMENT BY NUCLEAR TESTS

1. The nuclear explosions carried out between Sep
tt:mber 1961 and December 1962 sharply increased the
radio-active contamination of the environment and con
sequently the doses of radiation that human populations
will receive. However, the Committee notes that after
the cessation of nuclear test explosions in the atmosphere,
it' outer space and under water, and in view of the propi
tious circumstances prevailing, further contribution from
these sources to the radio-active contamination of the
environment has ceased. Information on the amounts
of various radio-nuclides and on the rates at which they
deposit on the earth's surface and enter the food chain
is necessary in order to compute the doses to htunan
tissues. Since the cessation of atmospheric tests in De
cember 1962, the Committee has been able to collect suffi
cient information to enable it to up-date adequately the
estimates of the resulting radiation doses.

2. Almost all of the fission produ,;ts from the 1961
1962 explosions have been introduced into the strato
sphere. The strontium-90 from these tests increased the
stratospheric inventory at the end of 1962 by about 5
megacaries over the level in mid-1961 (A32-34):'

3. The rate of transfer from the stratosphere to
ground level depends upon the altitude to which the
products rise in the atmosphere and the latitude at which
the explosions occur. For example, the mean resiuence
time of material in the stratosphere above 100 km ex
ceeds five years while in the lower stratosphere it is less
t.han one year (Al6-19). Assessment of the experimental
data has led the Committee to adopt an over-all mean
residence time for the composite stratospheric fission
products of two years (A20). While this time is shorter
than that used in the 1962 report, the predicted deposi
tion of strontium-90 and caesium-137 is not appreciably
altered by the change in the mean residence time.

4. The fall-out rate of long-lived radio-activity in
1962 was three times that for the period 1960-1961 and
during the year 1963 the fall-out exceeded that in any
previous year (A36-38). The Committee envisages that
in 1964 the fall-out rate may be some two-thirds of that
during 1963 and will continue to decrease progressively
in future years.

5. Short-lived fission products hcwe decayt~d to neg
ligible levels during 1963 so that no further dose will be
incurred from them after 1964 (A56-59).

6. Radio-active materials which have been deposited
on the surface of the earth constitute sources of both ex
ternal and internal radiation to the population. Whereas
their contribution to the external dose depends on the
gamma radiation which they emit, the magnitude of the
internal dose is determined mainly by the extent to which
different nucliees are transferred through food chains
to man.

• Throughout the present report, references to the annexes are
indicated by a letter immediately followed by a number. Thus
A32-34 refers to paragraphs 32 to 34 of annex A.
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7. Strontium-90 and caesium-137 are the most im
portant fission products from nuclear explosions that
contaminate man's dlet. The mechanisms which control
the transfer of strontium-90 through food chains into
man's diet were discussed extensively in the 1962 report.'
Informativn which has been obtained since that time
does not necessitate the modification of the basis for
assessment. During 1962 dietary contamination in the
northern hemisphere was somewhat greater than in 1959,
which, up to that time, had been the year when highest
levels were observed. In 1963, dietary levels in the north
ern hemisphere \vere at least twice those in 1962 (A80).
In the southern hemisphere, dictalJ' contamination in
creased in 1962 and 1963, thou~h to a smaller extent,
and the levels remained considerably lower than those
in the northern hemisphere (A81).

8. Rt'Cent evidence on the transfer of caesium-137
through food chains has led to an improved basis for
evaluating radiation doses from caesium-137 within the
human body (A134, 135, 178-180). It is now apparent
that doses from caesium-137 were somewhat over-esti
mated in the 1962 report. Between 1961 and 1963, the
changes in levels of caesium-137 in diet were broadly
similar to those in levels of strontium-90 (A1l7).

9. It has been found that, under certain local ecologi
cal conditions, the transfer of caesium-137 to man is
enhanced, leading to the highest body contents yet meas
ured. Thus, in arctic regions, the levels of caesium-137
in the flesh of reindeer and caribou are high on account
of the accumulation of this nuclide in the vegetation on
which the animals graze (AIl8). The body content of
caesium-137 in small groups of local inhabitantt. who
live almost exclusively on the meat of reindeer and cari
bou has on occasions exceeded the world average by a
factor of more than 100 (A128).

10. Short-lived radio-nuc1ides have been measured in
the environment, in food and in the human body more
consistently since the end of 1961 than during earlier
series of tests. As a consequence, doses delivered by
those nuclides are now more accurately known. Iodine
131 has received particular attention (A136-146) because
its absorption by infants from fresh milk leads to the
irradiation of their thyroid glands. Adults receive much
lower doses owing to the larger size of their thyroid
glands, and their lower consumption of fresh milk.

11. In most areas of the temperate zone in the north
ern hemisphere, the average dose to the thyroid glands
of children who were brought up on fresh milk was
about 0.1 rad in 1961 (A, t;>ble XXX) ; similar doses
were received in 1962, whereas in 1963 the doses were
negligible (A182, 183). In th~ southern hemisphere,
doses were considerably lower. In 1962, the concentra
tion of iodine-131 in milk produced in some limited areas
within a few hundred kilometres of testing grounds were

5 Official Records of the General Assembly, Seventeenth Ses
sion, Supplement No. 16 (A/5216), chapter V, paragraphs 60-69.



ten times higher than the average; doses to the thyroic:!
were corresp<".ldingly higher (AI38).

12. The Committee has again reviewed the problem
of the doses due to carbon-14, a radio-nuclide with a half
life of about 5,700 years, which is formed from atmos
pheric nitrogen both naturally, by the continuous inter
action of cosmic rays, and artificially, by neutrons re
leased from nuclear explosions. The atmospheric content
of artificial carbon-14 has been increased about three
fold by testing in 1961-1962. By July 1963, the artificial
carbon-14 concentration in ground level air rose to 90
per cent of the natural carbon-14 concentlC'.1.ion in the
northern hemisphere (A, table XV). With time, artificial
carbon-14 will tend to become uniform throughout the
atmosphere and to be progressively absorbed by the
oceans. Thus, by the year 2000, the artificial carbon-14
concentration in the atmosphere will fall to some 3 per
cent of the natural carbon-14 concentration (A7l).

13. As in its 1962 report,~ the Committee has based
its evaluation of comparative risks due to past nuclear
expbsions on dose commitments to the gonads, to the
cells lining bone surfaces and to the bone marrow-those
tissues whose irradiation may give rise to hereditary
defects, bone tumours and leukaemias, respectively. The
dose commitment is the total dose that will be delivered,
as an average for the world population, to the relevant
tissues during the complete decay of radio-active mate
rial introduced into the environment. Doses included in

~ A/5216, chapter VI.

the dose commitments may be delivered over a very long
period of time. The do.Cle commitments due to all tests
before January 1963 are summarized in table I.

14. In the present report dose commitments are ex
pressed in rads.' For radiations resulting from nuclear
explosions, rads, as used here, and rems, as defin,ed in
the 1962 report,' are numerically equivalent. In this re
port, doses from natural radiation also are expressed in
rads and therefore are numerically slightly smaller than
in the 1962 report where they were expressed in rems.
They are 99,96 and 9S millirads per year to gonads, cells
lining bone surfaces and bone marrow, respectively.

15. Comparative risk estimates can be made by refer
ence to doses from natural sources of radiation. One
inherent difficulty in such comparisons arises from the
arbitrary period over which the natural radiation dose
must be integrated. In principle, several alternatives are
possible:

( 1) The dose commitment could be compared with the
natural radiation dose delivered over a period of
time equal to that over which a substantial part of
the dose commitment is delivered. This comparison
could be misleading in the sense that exposures
from future nuclear tests might overlap this period.

T The rad is the unit of absorbed dose; N5216, chapter n,
paragraph 23.

8 A/5216, chapter lI, paragraph 26; the rem has recently been
given a new definition by the International Commission on
Radiological Units and Measurements.

TABLE 1. DOSE COlQlITMENTS FROM NUCLEAR EXPLOSIONS a

Dwec~mummUs(~a~

For period
Forpmodof testing

1954-1900 of testing
(estimates 1954-190Z
from 190Z (n6UI Paragraph

Tisslle Source of radiatiolt report) estimates) ofa""6XA

Gonads External, short-lived b ••••••••• 11 21 163
CSII7 •••••••••••••••••••••• 16 29 165

Internal, CSU7 b •••••••••••••• 8 13 179
Clt....................... 50 13° 187

TOTAL 40 76
C~lls lining bone External, short-lived b ••••••••• 11 21 163

surfaces CSll7 ••••••••••••••••• " ••• 16 29 165
Internal, SrDO••••••••••••••••• 67 174 173

CS1l7 b ••• '" ••••••••••••••• 14 13 179
Clt....................... 8° 20° 187
Sri;....................... 0.15 0.30 176

TOTAL 116 257
Bone marrow External, short-lived b ••••••••• 11 21 163

CS1l7 ...................... 16 29 165
Internal, SrllO••••••••••••••••• 33 87 174

CSII7 b ••••••••••••••••••••• 10 13 179
C14....................... 50 130 187
Srs;....................... 0.07 0.15 176

TOTAL 75 163

a In the 1962 report, these doses were reported in mrems. As explained in paragraph 191 of
annex A, the doses in the present report are all given in mrads.

b The dose commitments from short-lived nuclides and from internal Cs187 have been calcu
lated on a slightly different basis in this report (paragraphs 162, 178 of annex A) as compared to
the 1962 report.

°For CU it seems to be appropriate to include only the dose which is accumulated up to
the year 2000, at which time the doses from the other nuclides will have essentially been de
livered in full. The total dose commitments from CU from tests up to 1960 for the gonads, cells
lining bone surfaces and bone marrow are 48, 80 and 48 mrads, respectively. For all tests up to
the end of 1962, the dose commitments from 0 4are 180, 290 and 180 mrads, respectively.

5



(2) As in the 1962 report,' a comparison could also be
made with the natural radiation dose delivered dur"
ing the period of testing, with the justification that
it is the commitment incurred during this pet iod
which is relevant, irrespective of the radiation
source. However, the latter comparison may also be
considered unsatisfactory because the period is not
easy to define.

(3) A ~li reet comparison between dose commitments
(millirads) and annual dose rates from natural
radiation (millirad/year) is hardly justified.

(4) An altemath'e approach that was also used in the
1962 report10 and is followed here is to express the---

• A/5216, chapter VI.
10 A/5216, chapter VI, p.,ragraph 17.

6

dose commitments in terms of the period of time
during which natural radiation would have to be
doubled to give a dose increase equal to the dose
commitment.

16. For all tests carried out before January 1963,
these periods amount to approximately 9 months for the
gonads, 32 months for cells 1ining bone surfaces and 20
months for the bone marrow. These periods are not
directly comparable with the periods given in the 1962
report because they only take into account that part of
the dose commitment from carbon-14 which is delivered
before the year A.D. 2000. In addition, the periods given
in the 1962 report related to tests during the years 1954"
1961 and involved an assumption of testing practice for
the year 1961.



CHAPTER III

RADIA'DON CARCINOGENESIS IN MAN

1. Among the major problems discussed in the 1958
and 1962 reports was that of obtaining estimates of abso
lute risk of induction of a number of effects by irradia
tion at doses and dose rates such as those dehvered by
natural sources and by fall-out from nuclear testing. In
the 1958 report, the estimates of absolute risks that were
presented in terms of expected frequencies of given
effects per unit dose were tentative and largely hypo
thetical, and in many cases involved hardly justifiable
assumptions in applying the observed results of high
doses and dose rates to low doses and dose rates and to
different conditions of exposure. For these reasons, in
the 1962 report the Committee confined itself to estimat
ing comparative risks. Having again reviewed the avail
able information relating radiation to cancer induction
in man, the Committee sees no possibility of changing
this procedure at the present time.

2. Data published since 1962 have, however, led the
Committee to believe that it is possible, for a few tissues
only and mainly in the high dose range, to make estimates
of risk (B20)11 (expressed for example as number of
cases per year per rad per million exposed individuals)
that are valid within the observed range of doses and the
given conditions of irradiation. Furthermore, and espe
cially when the doses studied lie within the range over
which the frequency of the effect increases rapidly with
rising dose, it is unlikely that the risk per unit dose at
very low doses will be any greater than that at high doses
and it is likely to be much less. Thus, the estimated risk
per unit dose will in most cases represent an upper limit
for effects at very low doses (B18, 19).

3. New possibilities of analysing the increased inci
dence of leukaemias as a function of dose among the sur
vivors of the explosions at Hiroshima and Nagasaki have
been offered by a study of a sample of survivors who
had been divided in groups accOl'ding to the estimated
doses that they had received. The estimate was made ac
cording to distance from the hypocentre and extent of
shielding from radiation (B25-30). The accuracy of the
dose estimates is difficult to assess, as they might well
be affected by some systematic error, in particular that
due to our limited knowledge of the relative importance
of neutrons and gamma rays delivered during the ex
plosions. The estimates of the doses are, however, almost
certainly not in error by a factor greater than two or
three.

4. Taking the dose estimates at face value, the average
yearly incidence of radiation-induced leukaemia, as deter
mined over a period of nine years, from 1950 to 1958,
shows approximate proportionality with the dose in the
range from about 100 rads to 900 rads. The rate of
increase with dose is between 1 and 2 cases per year per
rad per million exposed individuals (B30). It is not
known for how long a period of time the increased inci-

11 Throughout the present report, references to the annexes
are indicated by a letter immediately followed by a number. Thus
B20 refers to paragraph 20 of annex B.
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dence of leukaemia among survivors will last. There is
some indication that the excess has been slightly sub
siding during the 1960's.

5. This estinlate of absolute risk can only be applied
with caution to the population at large. The surviving
population has been heavily selected by the lethal effect
of the irradiation itself so that the survivors may not
necessarily be representative of the irradiated popula
tion with respect to sensitivity to radiation carcino
genesis.

6. The estimate obtained from the A-bomb survivors
is consistent with that determined, between 300 and 1,500
rads, from a completely different survey of subjects
irradiated therapeutically for ankylosing spondylitis
(B40-55). In this survey doses were fractionated and
are known with greater accuracy, but the number of
cases of leukaemia that were observed is very small. Be
sides, there is no way of knowing to what extent the
disease itself for which the patients had been treated,
or other means of therapy to which they had been ex
posed, might have been responsible for the increased in
cidence of leukaemia. An estimate obtained from this
survey alone would therefore only apply to spondylitic
patients.

7. The 1962 report dealt briefly with data on induc
tion of malignancies in children irradiated in utero. The
data were at that time considered as controversial. More
recent reports have confirmed a higher incidence of
malignancies, including leukaemias, in children irradi
ated in utero (diagnostic irradiation, sometimes re
peated) (B62-73). Though precise dose estimates are
not available, there is reason to believe that the doses
were of the order of a few rads. Risk estimates based
on this assumption suggest that the risk of leukaemia
per unit dose might be several times higher in children
irradiated in utero than in adults (Bn). These surveys
have provided the important suggestion that under cer
tain conditions low radiation doses, of the order of a
few rads, can induce malignancy. As in the case of
ankylosing spondylitis, there is the possibility that the
sample of irradiated children may not be representative
of the whole population of children (B73).

8. The 1962 report also discussed data from the Hiro
shima tumour registry on the relationship between dis
tance from the hypocentre and over-all incidence of
tumours. Further data from the Hiroshima and also
from the Nagasaki tumour registry have now been re
viewed by the Committee. While these d~ta still indicate
a diminishing incidence with distance from the hypo
centre, this relationship is now less clear-cut than that
derived from earlier reports and does not lend itself to
quantitative analysis. Another recent study among Japa
nese survivors, based on a restricted but more precisely
defined population sample, though showing the increased
mortality from leukaemia, gave no clear evidence that
radiation affected mortality from any other cause of
death between 5 and 14 years after the irradiation, though



there was some indication of an increased incidence of
other malignancies (B175-lSO).

9. The Committee has reviewed recent surveys on the
induction of thyroid carcinoma as a result of irradiation
of the thyroid region for therapeutic purposes during
childhood (Bl05-1l9). The irradiation was often frae
donated. As in all instances of therapeutic irradiation,
it is not possible to distinguish between the effect of the
irradiation and the effect of the conditions for which
radiation was administered. The accuracy of the esti
mates of doses of radiation to the thyroid is not high,
but is sufficient to allow some conclusions to be drawn
about the relationship between dose and incidence of
thyroid carcinoma.

10. As in the case of leukaemia, the incidence of
thyroid cancer shows approximate proportionality in a
range of doses between 100 and 300 rads, and leads to a
risk estimate of about one case per year per rad per mil
lion exposed individuals, averaged over a period of ap
proximately sixteen years following irradiation (B117).
The period of risk may, however, be somewhat longer.
Higher incidence of thyroid tumours has also been re
ported among adult survivors of atomic explosions
(B90-100). The incidence is related to distance from
the hypocentre but information is not adequate to provide
quantitative assessments of risk.

11. The Committee has reviewed evidence bearing on
risk estimates for certain other malignancies; namely,
bone tumours in persons contaminated with radium
(B13Q-145), liver tumours in persons who had received
thorium compounds for diagnostic purposes (B146-15l),
skin cancer from external irradiation (B126-129), and
lung tumours in miners exposed to radio-active dusts
(B152-174). Inadequacies of sampling and dosimetry,
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longer latent periods and possibly lower likelihood of
induction, make unreliable the quantitative assessments
based on the information now available. However, the
Committee considers that for some tumours, besides
leukaemias and thyroid tumours, it might be possible in
time to collect enough information to make additional
estimates of risk practicable, and that investigations
aimed at recording signifieat'lt quantitative relationships
between doses and observed incidence of any specific
malignancy in man should be strongly encouraged and
supported.

12. It is not to be expected, however, that such esti
mates will become available for all, or even for many,
tyPes of human {,ssue. The only data suitable for deter
mInation of over-all risks of radiation-induced malig
nancy are those derived from whole body exposure with
substantial doses, as in Hiroshima and Nagasaki. The
continuation of the latter studies is therefore of great
importance. It is still too soon after the exposure of
these populations for all possible malignancies to have
developed, but present data suggest that leukaemia may
well be the predominant type of malignancy produced
and that the over-all risk of all mali~ancies is unlikely
to exceed by any large factor that gIven above for leu
kaemia (BI79, 180).

13. It is important that no opportunity should be lost
of exploring the possibilities for undertaking significant
studies in exposed human population groups and of pur
suing such studies when sound epidemiological tech
niques can be applied. On the other hand, the usefulness
of such data in estimating the effects of very low doses
must depend on progress in our understanding of the
fundamental mechanisms of carcinogenesis, the mode
of action of radiation, and its interaction with other
carcinogenic agents in the environment.
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Introduction

1. The purpose of the present annex is to evaluate the
information on radio-active environmental contamina
tion from nuclear explosions that became available to the
Committee since its 1962 reporta to the General Assem
blyl, b and to obtain revised estimates of the amount of
radiation due to environmental contamination that is re
ceived by human populations. An updating is required
because further contamination took place after the adopt
tion of the 1962 report, although, following the cessation
of atmospheric tests in Decembel- 1962, the levels of
radio-activity due to short-lived nuclides have decreased
substantially through 1963. In addition, improvements in
knowledge of the mechanisms involved in the transfer of
radio-active material from its production to man's en
vironment deserves attention. The reader is referred to
annex F of the 1962 report for those many aspects of the
problem of environmental contamination on which little
progress has been made since the publication of that
report.

a Official Records of the General Assembly, Seventeenth Ses
sion, Supplement No. 16 (Aj5216); hereinafter referred to as
the "1962 report".

b Superscripts refer to the corresponding entries in the bibliog
raphy at the end of the present annex.

11

I. Movement of artificial radio-nuclides
in the earth's atmosphere

2. The major part of all fission products produced by
nuclear explosions up to the end of 1962 was released
into the stratosphere. Estimates of future deposition rates
require a knowledge of the fission product inventory in
the stratosphere as well as of the mechanisms by which
it is brought down to the ground. Since the 1962 report
a considerable amount of new data on the movement of
debris in the atmosphere has been reported. This makes it
advisable to review the main features of the processes
involved, with sprdal emphasis on recent advances.

RADIO-ACTIVE AEROSOLS

3. After a nuclear explosion, the fission products con
tained within the fireball are initially present in the form
of vapour. As it rises and expands, the hot cloud cools
by radiative heat losses, by adiabatic cooling, and by
mixing with cooler air, causing the fission products to
condense and form an aerosol of fine particles. Since most
of the fission product activity injected during 1961 and
1962 was from high yield explosions, the greater part of
the fission product debris that was formed was carried
up w~ll into the stratosphere.2



4. The partitioning of the fission product debris be
tween local, tropospheric and stratospheric fall-out has
been discussed in the 1962 report. Most of the radio
active debris produced during 1961 and 1962 was in
jected into the stratosphere, and this debris, together with
that present in the stratosphere from previous tests, was
the main source of subsequent world-wide contamina
tion. Local fall-out is important only near the site of tests,
while tropospheric fall-out will be deposited within a
month or so after tests.

5. Radio-activity created by nuclear tests may be in
either gaseous or particulate form. In the high atmos
phere, above about 100 km, even very small particles will
possess large settling speeds.s" On the other hand, at
high altitudes, gaseous substances are subjected to larger
molecular diffusion rates than are particulates. In the
lower troposphere, particulates are rapidly removed dur
ing precipitation. Shortly after a test, particles containing
high radio-activity have been observed in ground level air
and in fall-out.29,s5 But most measurements in the strato
sphere below about 20 km, made many months after the
cessation of nuclear tests, suggest that most radio-active
particles are submicron in size and thus have negligible
settling speeds.5 The particles, in contrast to gases, may
be removed by impaction or settling after coagulation
with other aerosols.

6. Other work has shown that there is a correlation
~'etween the activity and the sulphate content of samples
collected in the stratosphere.6 This suggests coagulation,
or perhaps that sulphate builds up on radio-active par
ticles, which then grow in size. Storebf6 considered theo
retically the growth of particle sizes during the rise of a
.:luclear cloud and found that terminal sizes may be suffi
cient for gravitational settling to be of some importance,
in comparison with movements due to air exchange.s The
measured particle size distribution in the stratosphere
indicates that the bulk of the debris will be transported
at these altitudes largely by air movements. However, in
the lower troposphere an important growth in the size of
the particles resulting from agglomeration may enhance
significantly the rate of aerosol deposition.

TRANSPORT WITHIN THE ATMOSPHERE

7. To understand the movement of radio-active debris
within the atmosphere, a thorough knowledge of the gen
eral circulation of the earth's atmosphere is required.
Such a knowledge is necessary to predict the spatial and
temporal distribution of future fall-out, as caused by the
injection of debris into the stratosphere at different lati
tudes, altitudes and times. At the present time our under
standing of air movements within the stratosphere is
incomplete in certain respects, particularly of those at
high altitudes. However, some basic features of this
motion are now fairly well established.

8. One marked feature of atmospheric circulation is
the system of westerly jet streams situated in mid
latitudes at altitudes of about 10 km (figure 1) . Velocities
of 100-300 km per hour are usual in these regions. In
middle and higher latitudes air is carried around the
globe in a week or so and in one to two months in tropical
regions.7 Since in the stratosphere these times are short
compared to transfer times in the meridional and vertical
directions, the debris may be considered to be zonally
well mixed so that, several months after a test, it will be
uniformly distribr.ted around a circle of latitude.T In the
troposphere, vertical motions are rapid, but in the lower
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stratosphere these vertical motions, and hence the vertical
transports, are much smaller.7,8

9. Fission products injected into the stratosphere dur
ing tests have been used extensively to trace air mo
tions.9,lo In particular, many surveys have been made of
the SrllO concentration in stratospheric air,l1 and the
activities of W185 and Rhl02 which were injected into the
stratosphere during 1958have also beenmonitored.n, IS. 1.
In addition, the distribution of the naturally occurring
radio-nuclides Be7, Pb2lo, pSI and O' have also been
studied, as well as that of ozone and water vapour.n,lI
These studies have all contributed greatly to our under
standing of air movements within the stratosphere.

Movement within the stratosphere

10. Measurements of ozone and water vapour concen
trations in the stratosphere show that there is a poleward
and downward transfer of material during winter and in
the early spring months.16,17,18 The distribution of ozone
in the lower stratosphere suggests that there may be an
upward motion of air in the equatorial regions of the
lower stratosphereyl From the movement of W185 from
equatorial to polar regions during 1958 Feely and Spar
concluded that large-scale eddy diffusion was mainly
responsible for this poleward transfer.lo

11. Eddy diffusion would also explain the movement
into equatorial regions of Sr90 and Mn54 injected into the
north polar stratosphere in late 1961. However, Newell
argues that the transfer along sloping surfaces (figure 1)
must be due to both eddy mixing and mean meridional
motions.20 By studying the time trends of Rhl02 in the
stratosphere at high latitudes, Telegadas and List found
that the debris descended from 20 km to 14 km between
December 1959 and March 1960 and then remained sta
tionary during the summer of the northern hemisphere.2l

A similar rate of descent was noted for Cdl09 in the
southern hemisphere between April and August 1963.s80

These observations suggest that downward motions dur
ing winter are mainly responsible for the vertical trans
port of fission products in the polar stratosphere.

12. It may be concluded that debris injected into the
equatorial regions of the stratosphere below 30 km will
move polewards and downwards into each hemisphere
during the winter months. Material injected into the
lower polar regions does not seem to move upwards to
any great extent, but some of it moves into equatorial
regions of the lower stratosphere. A number of models
of stratospheric circulation have been proposed, but at
the present time none of them is completely adequate to
predict the transport of fission products.9 ,Sl.'12 At the
moment it seems that both advective and diffusive proc
esses are important in stratospheric circulation. The
stratospheric transfers described above are shown in
figure 1.

13. Very few data concerning the movement of air
above 30 km are available. Rhl02 was injected into the
stratosphere by an explosion at about 43 km over Johns
ton Island during August 1958.2s The radio-active cloud
was estimated to have risen to at least 100 km. Concen
trations of Rhl02 at an altitude of 20 km in the northern
hemisphere showed a large increase during the period
October 1959-February 1960.12,21 In the southern
hemisphere the major increase in concentration occurr.ed
during the winters of 1959 and 1960, the concentration
in this hemisphere being much the same as in the north
ern hemisphere after mid-1960. During 1960 and 1961
the concentrations at these altitudes remained fairly con
stant, probably being replenished from above.
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Figure 1. Schematic cross section displaying characteristics of meridional transport (Cl]" locates
typical jet stream positions)

14. Recent stratospheric measurements of Cd109 ac
tivity, about 0.25 MCi of which was released above
400 km over Johnston Islan.d at 17°N latitude in July
1962, show that some of' this isotope moved down to
30 km after five or six months. 22,24,380 Not only did Cd109

appear earlier in the lower stratosphere of the southern
hemisphere than in the northern hemisphere, but it was
present there in greater quantities until August 1963
at least in mid-latitudes. At altitudes between 40 and
400 km, gravitational settling and, in the case of charged
particles, electro-magnetic effects are expected to influ
ence the descent of fission product debris.53 Measure
ments of Rh102 originating from the high altitude rocket
explosion (Orange), which was carried out during
August 1958 in equatorial regions, indicate that Rhl02

spread to the polar regions in both hemispheres and later
descended to lower altitudes.25,2e,S81

15. There are many mechanisms which might account
for the transfer of particulate radio-activity from the
stratosphere to the troposphere. Machta compared the
likely transfer of Sruo by each mechanism with the subse
quent observed Sr90 fall-out in the northern hemisphere
in early 1960 and 1961.34 The results can be summarized
as follows:

(a) Heavy particles can settle through the tropopause,
but the bulk of the radio-activity in the lower strato
sphere is contained in particles too small for gravitational
settling to contribute significantly to the downward trans
port through the tropopause.

(b) Vertical mixing through the tropopause and hori
zontal exchange through the tropopause gap (figure 1)
could each account for the transport out of the strato
sphere and thus explain the subsequent fall-out. The cal
culation assumes that a coefficient of diffusion represents
the proportionality factor between the flux of srS° and
the gradient of Sr90• This diffusion coefficient describes
various complex meteorological processes only grossly.
There is also considerable uncertainty regarding the mag
nitude of the coefficient. The equality between diffusive

13

transfer and subsequent fall-out is not necessarily con
vincing evidence of the reality or magnitude of this
transport mechanism.

(c) The tropopause in temperate and polar regions
rises to higher altitudes in the late winter and in the
spring. If it is assumed that this process transfers strato
spheric air into the troposphere, then its associated Sr90

may significantly contribute to subsequent fall-out. In
1960 and 1961 this mechanism could account for no more
than one-quarter of the observed fall-out.

(d) Certain models of atmospheric circulation, such
as the Brewer-Dobson model, imply descending motion
through the tropopause in certain areas. Some of these
models postulate subsiding movements whose downward
transport of Sr90 can contribute part or all of the observed
fall-out. But, as of this time, the reality of the model as
well as the sense and magnitude of the vertical currents
must be considered as questionable.

(e) Danielsen measured the radio-activity in certain
thin layers of air at tropospheric altitudes. He demon
strated that these active layers represented parcels of
stratospheric air extended into the troposphere.aa,..
This process, a folding of the tropopause, is shown sche
matically in figure 2. After the "tongue" of stratospheric
air with its high concentration of radio-activity is brought
across the tropopause, diffusive mixing incorporates it
into the troposphere. A quantitative estimate of the
amount of Sr90 transferred into the troposphere made by
Machta, using Staley's estimates of the frequency, inten
sity and areal coverage of the extrusion, suggests that
this process could account for not more than about one
third of the observed stratospheric fall-out.so,M

16. To predict the future deposition of long-lived fis
sion products, the concept of mean residence time is use
ful. It is defined as the average time spent by fission
products in the stratosphere before being transferred to
the troposphere. Such a definition in no way implies that
the material is well mixed within the stratosphere or that
the hold-up during the transfer to the troposphere occurs



Figure 2. a, b, c. Vertical cross section, north to the left, showing in successive stages the steepening and folding of the tropopause.
The thin lines are potential temperature isotherms. Air parcels tend to move along such isotherms during transit times of a few daysllS

at the tropopause.TSuch conditions, which are needed to
validate the use of first order kinetics, are not applicable
to the stratosphere-troposphere transfer. However, the
concept of a mean residence time is used to predict future
fall-out.

17. Mean residence times may be computed for the
transfer of stratospheric debris to the troposphere from
published stratospheric inventories and annual deposits
of Sr90 and W1S5 Three techniques were employed to
produce the estimates in table I, as noted below the table.
Each technique is subject to uncertainties. Method b, in
particular, can yield meaningless residence times if the
stratospheric distribution changes between measurement
periods. The mean residence times for one hemisphere
are unreliable if there is a significant transfer between
hemispheres. Despite this, alI three methods are consist
ent in suggesting longer mean residence times for the
southern rather than for the northern hemisphere.

18. A periodicity of two years or of twenty-six months
has been found in many meteorological parameters of the
lower stratosphere.ss This cycle appears in the ozone
content of the atmosphere over Australia3T and in the BeT
concentration of the stratosphere of the southern hem
isphere.408 It is possible that falI-out may be partialIy
modulated by the same cycle, at least in the southern
hemisphere.

19. The mean stratospheric residence time 0.1: radio
active debris produced by an individual explosion wiII
depend on the altitude, latitude, and possibly the time of
injection. Thus, fission products in the lower polar stra
tosphere may have a mean residence time of six months
or less, while debris from medium altitude explosions
have mean residence times of perhaps two to three
years.S9 At much higher altitudes, over 100 km, as iIlus
trated by the Rhl02 experiment, the residence time in
creases to five or ten years.12.381.401 Theoretical models
of transport and diffusion can qualitatively reproduce
these differences. One such preliminary model by Bolin,T
created to fit the observed ozone observations, produces
reasonably plausible fall-out patterns as well. Ultimately,
it is likely that predictions from such meteorologically
consistent models wiII form the basis for fall-out fore
casts.

20. The stratospheric distribution in January 1964 is
roughly the same as in 1960 or early 1961. It is therefore
considered reasonable to apply the observed mean resi
dence times found during 1960 and 1961 to the strato
spheric inventory in 1964 for the predictions in this
report. Table I summarizes the mean residence times
found in the 1960-1961 period. An average global value
of two years is chosen for purposes of predicting Sr90,
CS13T and Cl. contamination after 1963. It is likely that,
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as the concentrations in the stratosphere become more
uniform because of mixing, the mean residence time may
tend to increase. The use of a constant rather than an
increasing mean residence time will slightly over-estimate
the doses due to Sr90 and CSl3T.

Movement within the troposphere

21. Once the radio-active debris enters the tropo
sphere it is mixed fairly rapidly within the hemisphere
of entry. Within the troposphere mixing by eddy diffu
sion and convection is much more rapid than in the stra
tosphere. As will be shown later, the Sr89/SrllO ratio in
monthly precipitation was fairly constant in the different
latitude bands of the northern hemisphere, between Sep
tember and December 1961.27,376 Between 10° and 700 N
the meridional mixing rate is rapid compared to the half
life of Sr89, 50.5 days. As in the stratosphere, the fission
product debris is mixed zonally quite rapidly. At latitudes
of 400 N the air takes some twelve days to move around
the earth in a westerly direction.40 In the meridional
plane there are two circulation cells within each hemi
sphere as shown in figure 1. In the tropical regions this
cell is well developed with air rising in equatorial regions
and descending into the 200 -300 N latitude region. At
higher latitudes there is a weaker circulation cell with
descending air at latitudes of 40°-50° and rising air at
higher latitudes, while at middle and higher latitudes
large scale eddies give rise to rapid meridional transport.

22. The gross beta activity of ground level air is
measured at many stations throughout the world. These
measurements, although of importance for surveillance
purposes and also for meteorological studies, are of little
value in estimating radiation doses from fission products.
The activities in air of individual fission products have
been reported from a number of countries.41- 47 Of par
ticular interest are the activities in air measured at sta
tions around the 80th meridian west. Figure 3 shows the
mean bi-monthly Sr90 activities in the northern and
southern hemisphere stations during the years 1958
1963.28,378,379 During 1960 and part of 1961 when there
was little testing, the activities of Sr90 in air in the two
hemispheres tended to equalize. Sr90 activity in the
northern hemisphere showed large peaks in the spring of
each year, but in the southern hemisphere these peaks
were not so marked.

23. A rapid rise in the Sr90 activity of air occurred in
the northern hemisphere in late 1961 after testing was
resumed. In the southern hemisphere the rise was slight
until April 1962, when equatorial tests were resumed in
the Pacific. Lockhart and Bleichrodt41,50 have reported
the detection of debris from these Pacific tests in mid
latitudes of the northern hemisphere, and others have
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Figure 3. Strontium-90 deposition rate and its concentration in surface air28,3T8, STlI

reported the detection in May-June 1962 of Ba140 activity
in rain at Westwood, New Jersey, United States.48-50
Similar evidence has been noted in measurements made
in the United Kingdom.45 In 1962 the average Srllo air
activity in the northern hemisphere reached a peak of
0.03 pCi/m3and a peak of 0.1 pCijms in 1963. Measure
ments of total beta measurements in air within smaller
regions of the ~arth's surface, e.g. in Norway, the United
Kingdom and in the United States, indicated that the
average activity in surface air did not vary greatly f:om
place to place, in spite of large differences in rain
fal1.45, 51, 52

24. In the troposphere, the exchange of particulate
radio-activity across the meteorological equator is im
peded for two reasons. The first, convergence of low
altitude air currents (figure 1), tends to keep air in the
same hemisphere and also retards the exchange of gases.
The second reason is the scavenging of particulates by
showery precipitation in the convergent zone. A nort4
south profile of Sr811 along the 80th meridian west be
tween September and December 1961 shows (figure 4)
a sharp decrease in th~ convergent zone near the geo
graphical equator.n This short-lived activity originated
from explosions in temperate or high latitudes of the
northern hemisphere. By contrast, figure 4 also displays
the distribution of SrllO whose origin is mainly the strato
sphere of each hemisphere. The north-south distribution
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of Sr89 during and following nuclear explosions as shown
in figure 4 is confirmed by profiles reported by Kras
nopevtsev along 1700 E over the PCi.dfic Ocean (the
prorle for Zr95 being also shown in figure 4) and by
Labeyrie and Lambert in the eastern Atlantic Ocean.4T,55

25. In the troposphere, the mean exchange time
between hemispheres, defined as the mean time
spent in the northern hemisphere by a molecule of
air before transfer to the southern hemisphere, and vice
versa, has been estimated by using various gaseous
tracers.54, 56-58, 409, 410 These estimates are listed in table lI.
The exchange times shown in table II are fairly con
sistent, except that ba!'ed upon tritiated methane, and
indicate that the exchange time is about 1.5 years.

26. Stewart estimated a thirty-day mean residence
time for fission products injected into the tropo
sphere.59,so Evidence now suggests that in the lower,
rain-bearing, layers of the atmosphere particulates reside
for a period of the order of five days or less.62 But for
particulates located well above the rain-bearing layers,
the residence time may be as high as forty days.15,60

MECHANISMS OF DEPOSITION

27. After entering the troposphere from above, fission
products are transported down to the level of the rain-
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ci~tation confirms the almost constant specific activity in
ram at all these sites.

30. One method of calculating the dry fall-out in a
region having places with variable amounts of precipita
tion depends on obtaining a relationship between deposi
tion and the amount of precipitation, and extrapolating
the relationship to zero precipitation. Thus, if the straight
line in ~re 5 is extended to zero rainfall, a dry deposit
of '1 mCljkml is obtained in 1960 on the West Coast of
the United States. A similar analysis of the cumulative
SrlIO deposit in Norway during 1959 yields about 5
mCiJkm' due to dry deposition.- This indirectly ob
served amount of fall-out computed by extrapolation of
fall-out precipitation curves to zero precipitation may
express the maximum dry fall-out. Miyake argues that
the fall-out precipitation relationship departs from a
straight line towards lower fall-out at very low precipita
tion amounts.U It appears likely that the amount of dry
deposition and the specific activity of SrlI° in precipitation
will vary with climatic conditions and the air concentra
tion. Many factors affect dry deposition such as micro
turbulence and the extent of vegetation cover.e•

D. Inftlltory and deposition of
artificial radio-nuelidea

STRONTIUM-90

. 31. Inventory estimates for individual nuclide,S ~oulJ
Ideally be based on a knowledge of the amounts inJected
into the atmosphere. These can be d.educed from the
yields of the explosions and such estimates of yields have
been published (table III)TO but thei!" reliability cannot
be assessed on the basis of the information available to
the Committee. In the present report, therefore, as in the
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Figtw, 4. Latitudinal variation of the concentration of fission
products in surface airU ••T

bearing clouds mainly by turbulent mixing. This down
ward movement is enhanced over anti-cyclonic systems
and opposed over cyclonic systems.SlI Below this level the
radio-active particles are rapidly washed out by precipi
tation and deposited upon the earth.e5 In addition, dry
removal of fission products takes place through several
mechanisms. Dry removal by sedimentation requires par
tkles to be larger than about 5 microns and is important
only in local fall-out. Dry deposition of world-wide fall
out make~ an important contribution to the total fall-out
only in areas of Iow rainfall.

28. The fission products can enter rain-water by
processes within the cloud, the so-called rain-out, or by
pick-up by raindrops below the cloud, the so-called
wash-out. For aerosols of small particle size the wash-out
process is relatively quite slow so that rain-out is prob
ably the most important wet deposition process.lI•ea The
small contribution of wash-out processes to total deposi
tion probably accounts for the fact that the activity of
fission products in ground level air doec; not seem to be
greatly influenced by precipitation rates.51. 8Z The rain-out
of fission products may be enhanced by the presence of
natural aerosols in the lower atmosphere, and it has been
sugg~sted that higher concentrations of sodium chloride
in the maritime atmosphere may enhance the deposition
rate over OCe<ll.3.ea

29. ExperiencE' indicates that time-averaged Srllo

deposition is rot.e;h!y proportional to the amount of pre
cipitation.eT The relationship is only approximately valid
when widely separate stations are compared, as for ex
ample all stations in a latitude band. The relationship
becomes better when the stations are limited to the same
general climatic region and becomes very good when the
stations are close to one another. An example of the
latter appears in figure 5 where the cumulativ'l Srllo soil
deposition in Clallam County, Washington, United States
in 1960 is plotted against precipitation.se In this case, the
linear relationship between deposited activity and pre-
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1962 report, inventories will be estimated from actual
measurements.

Atmosllaw,

32. To estimate the SI'" inventory in the stratosphere.
a considerable number of air samples have been co1lected
by aircraft between the tropopause and 21 km.u.w,n.n
Between 21 and 30 km inventories were established
through balloon sampling at two sites onlr., over San
~lo, Texas, United States, and over MIldura, Aus
tralla.Ta Estimates of the Sr" inventory above 20 km
must be regarded as somewhat approximate. In estimat
ing the stratospheric inventory from these spot measure
ments, it is assumed that there is fairly rapid zonal
circulation in the stratosphere and hence that the specific
activity depends solely upon latitude and altitude at any
one time.1I3 Sr'° activities in the stratosphere at different
altitudes and latitudes during 1961 and 1963, are shown
in fi~res 6,7,8 and 9.11, 13. U Isolines are used for inte
gration purposes in estimating the total inventory. For
the balloon data, only the crudest integration is possible.

33. Figure 6 shows that the Sri' concentrations in the
troposphere are several orders of magnitude less than in
the stratosphere. To estimate the tropospheric inventory
of Sr'°, an average value of activity IS assumed for each
hemisphere. The large concentration J1"8dients ~resent in
the stratosphere can cause uncertainties in the Inventory
estimates. Another possible source of error is the sparsity
of data available above 21 km. This is particularly sig
nificant in estimating the 1963 inventory, as it is believed
that concentrations were considerable above 21 km at
latitudes higher than 31°N.'I It should be noted, how
ever, that there is only 4 per cent of the abnosphere above
21 km, and only 1 per cent above 30 km.

34. To check on zonal uniformity within the strato
sphere, esU1 activities measured over the United King
dom were compared with Sr'O activities measured over
Canada and the United States, using the ratio 1.7 for
conversion. Although this comparison did not conclu
sively show that there was no zonal variation, no syste
matic difference was noted.IS It has been estimated that
the over-all error in the stratospheric inventory of Sr'O
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is ± 50 per cent at a probability level of 90 per cent.28
Table IV shows the global Sr8° inventory for different
years up to January 1964.22,23,8',811

MEASUREMENTS IN PRECIPITATION AND SOILS

35. Much information has been published on Sroo
fall-out and the Committee has received much data from
many countries throughout the world.26"u."5,,",1".lo,, As
an e.xample, the monthly Sroo deposition at New York
City is shown in figure 10.15 Figure 11 shows the cumu
lative SrOO deposit at a number of sites."5, 50,68, 60,15,16, 80, oe
The monthly and annual average Sroo fall-out for differ
ent regions of the Soviet Union during 1961, 1962 and
1963 are shown in table V.Sl.US The deposition measure
ments from the network operated by the United Kingdom
Atomic Energy Authority"5 are consistent with the re
sults shown in table VI and obtained from the more
extensive network operated by the United States Atomic
Energy Commission. Figure 12 shows the 1962 latitude
distribution of Sroo deposition.21

36. The annual deposition in each 10° latitude band
between 500 S and 800 N during 1961, 1962 and 1963 is
shown in table VI.21.l05,316,410 Few data are available for
the higher latitudes, but the deposition there does not
contribute appreciably to the dose commitment since the
population density at these high latitudes is small. The
totals were computed by averaging the annual deposition
at the fall-out stations in each latitude band. Telega
das28,,,o1 has compared the results of this calculation with
those obtained by multiplying the specific activity of Sr9°
in rain by the average annual rainfall for the latitude
band. He found little difference between the results of
the two methods of estimation.

37. The annual Sroo depositions in each hemisphere
for 1961, 1962 and 1963 are shown in table VII, together
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with the cumulative deposit up to December 1963. The
latter figures were computed by adding in the cumulative
values for 1960 from the 1962 report and correcting for
decay. In 1963,2.5 MCi of SrDO were deposited upon the
earth's surface, the highest annual deposit ever recorded.

38. Figure 3 shows the SrllO fall-out rates in each
hemisphere, together with Sroo air concentrations for the
years 1953-1962.2s,318,819 A strong correlation between
SrDO deposition and air concentrations is apparent. The
Sroo deposition rate in the northern hemisphere has been
consistently higher, sometimes by one order of magni
tude, than that in the southern hemisphere, and only
during 1960 and early 1961 did th~ rates in both hemi
spheres tend to equalize.

39. Estimates of the cumulative deposition of SrDO
hwe in the past been largely based upon the measured
SrDO content of soil samples taken to sufficient depth to
ensure that most of the accumulated Sroo is recov
ered.os,loo The results of a new global survey of SrDO,
compiled in 1963, have become available since the adop
tion of the 1962 report.103 The smo analysis of soils at
96 sites has now been completedl03 and the cumulative
deposits at these sites are displayed on a world map in
f.gure 13. The cumulative deposit of Sroo in each hem
isphere has also been estimated using the Sroo monthly
deposition rates at stations of the United States global
fall-out network,21,105,31D The cumulative deposit of Sroo
in each hemisphere so obtained is plotted in figure 14 for
the years 1954-1962.

40. Estimates of cumulative deposits of SrDO in latitude
bands, obtained from the 1963 soil survey, are compared
in table VIII with estimates based upon measurements
in precipitation for the years 1961-1963 combined with
soil data for 1960. The two sets of estimates agree rea
sonably well, except in the latitude bands 100·200N and
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200 -300 N, where the number of soil sampling sites was
quite small. This conclusion is in agreement with the
results of the 1960 Sr90 soil survey, which showed that,
in the 20o-70oN latitude band, estimates of deposition
obtained from precipitation data did not differ signifi
cantly from those obtained from soil data. For the calcu
lation of doses, the hlean v~'lue 9.6 MCi is used.

41. The extent to which results for the world-wide
network of soil sampling sites correctly represent the
global deposition cannot be precisely assessed. However,
a detailed analysis of possible causes of efror2S sug~ests

that uncertainties in this regard are likely to be small
relative to those in the assessment of other parameters.
There may be a systematic bias in the Sr90 global depo-

sition estimate which could in particular be caused by
the geographical distribution of the sampling sites. Pos
sible inequality between fall-out rates over oceans and
continents could also give rise to a corresponding syste
matic error.

Rivers and lakes

42. The Sr90 and CS1S1 concentrations in the rivers of
several countries have been reported.82,101-109,888 Meas
urements on waters of Lake Grosetvann in Norway dur
ing 1958 and 1959 gave Sr90 concentrations about 10
per cent of those in precipitation. During early and late
winter, however, with the melting of snow, the Sr90 con
centrations of the inflowing waters increased substan-
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tially, indicating that during these periods surface water
was exchanging less of its Srflo with soil before moving
into the lake. A similar result was noticed in river waters
of the Soviet Union, where the Srflo activities measured
during flooding were 5-10 times greater than during the
low water period.loa Average values for the Srllo concen
trations in 45 rivers of the European part of the Soviet
Union were 0.5 pCiJl during the second half of 1961 and
0.9 pCiJl during the first three quarters of 1962. The
average values in 37 rivers of the Asian part of the Soviet
Union were 0.6 pCiJl and 0.8 pCijl, respectively.

43. Both this study in the Soviet Union and a similar
study on Srflo in the river waters of Japan indicate that
some 5-10 per cent of freshly deposited Srllo is carried
off in river waters, but the removal rate of the cumulative
deposit of Sroo is much smaller, being in the range 0.2-1.5
per cent per yea:-.1OT

•
403 It can be concluded that most of

the SrDO that is taken up by the soil will remain there
until it decays.

Oceans

44. Oceans cover some 60 per cent of the earth's
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Figure 10. Monthly strontium-90 deposition in New York City"
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surface in the northern hemisphere and about 85 per cent
in the southern hemisphere. Since predictions of the
future fall-out of SrlO over land are based upon the
atmospheric inventory, any difference between the fall
out rates over oceans and over land could cause a cor
responding error in future fall-out predictions.

45. Some measured concentrations of SrlO in the
Pacific, Atlantic and Indian Oceans during the last five
years appear to be too high to be accounted for by the
same fall-out rates that are measured over the land.110

Bowen and Sugihara in 1957 and 1958 found that Sr"
was well mixed in the top 100 metres of the Atlantic
Ocean.111 Between 100 and 400 metres, there was a steep
gradient in concentrationwith appreciable concentrations
at depths greater than 1,000 metres. Later measurements
appeared to confirm the presence of Sr'° activity at these
great depths.112• UT Some profiles of Srllo concentrations
in the Atlantic Ocean in 1960 and in 1961 are shown in
figure 15. Shvedov, using some of Bowen's results, esti
mated that the cumulative Srllo fall-out over the Atlantic
in the 30o-40oN latitude band was between 28 and 42
mCiJkm2 in 1957 and in 1958, against an estimated 10
mCijkm2 from measurements over land.lls It has been
reported that the Srllo concentrations in the deep waters
of the western Pacific were even higher than those meas
ured in the Atlantic.40'

46. Rocco and Broeker, however, reported profile
measurements for Srllo and CS137 in the Atlantic and
Pacific Oceans that showed little activity below 300
metres.ll" At levels below 1,000 metres a considerable

21
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tion the Sr" cumulative deposition in soils was com
pared at a set of paired stations, one of each pair being
near the ocean, the other continental.dO At the same
latitude, no significant difference between the fall-out at
island and continental stations was apparent, in spite of
the fact that the averago rainfall at the island stations
was almost three times as high as that at continental
stations.

49. There are several additional pieces of contradic
tory evidence concerning excess fall-out over the oceans.
Measurements in the Mediterranean Sea and in the Gulf
of Gascony indicate a larger deposition of Zfla over the
sea than over adjacent areas.m Similar results have
been obtained in the Black Sea for Srll() fall-out.~ On
the other hand, O'Brien, using 0 4 as a tracer for strata
spheric Sr80, found agreement between pot determined
Sr10 global fall-out and that leaving the stratosphere.4oo

Thus, his findings in 1960, 1961 and 1963 required no
excess Sr'O deposition over the ocean compared with
adjacent land stations.

50. To summarize, much evidence seems to indicate
that the fall-out rate of SrlO over the ocean is about the
same as that over land surfaces, but on the other hand a
considerable number of measurements of appreciable
activities of Sr'° in deep waters have heen reported that
are not compatible with present estimates of deposition.
At the moment~ there is no adequate explanation for
these differences, and further work is needed to clarify
the issue. For the purposes of dose estimation, the fall-out

L-- = ~---_-.J

soo 1000 1500

Depth Metr••

Figure 15. Strontium-90 concentrations in waters of the Atlantic
Ocean during the period 1960-1961112

Figur, 14. Cumulative deposition of strontium-go (based upon
measurements at the United States fall-out collection network
stations. Before 1958 the number of collection stations was
relatively small) l'I',106

increase in the concentration of these nuclides was ob
served, but these measurements were not considered to
be sufficiently reliable by the authors. Only in the Antarc
tic Ocean did they consistently detect significant activi
ties of Srll() and CS187 at greater depths. These latter
profiles were more compatible with the ocean circulation
patterns suggested by CU measurements.11G,118 Integra
tion of the SrllO concentrations to a depth of 1,000 metres
yields deposits of 11 mCijkm2 for the Caribbean Sea at
18°N; 6 mCijkm2 for the eastern Pacific at DoS, and 10
mCijkm2 for the Atlantic at 20oS. These figures do not
show any marked increase over continental fall-out at
similar latitudes. These workers also obtained a mean
CS1S1/SrllO ratio in ocean waters of 1.6, in agreement with
fall-out and stratospheric air measurements.

47. Many measurements of the SrllO concentration of
surface ocean waters have been reported.118,11G,117-120,411

The surface concentrations of the Pacific Ocean in 1961
were much more uniform than in 1958, indicating con
siderable horizontal mixing. In all cases, the variation of
concentrations with latitude in surface waters was much
less marked than in air and precipitation.m In the west
ern Pacific between 1957 and 1959, average concentra
tions of 1.7 pCi of SrllO per litre were reported in surface
waters.411

48. Indirect evidence on the differences between
oceanic and continental fall-out rates may be obtained
from the relative deposition over islands compared with
that over continents. The SrllO fall-out measured in 1962
at nine stations on small islands in the Atlantic and
Pacific Oceans was compared with that measured in the
same year at nine continental stations.27 All these stations
are situated in the latitude band 0°-40oN and form part
of the United States world-wide SrllO network. In addi-
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* - Stratospheric Ail'" over Son Angelo 73

1- Mean precipitalion,North.rnHtmisph~r. 45

Angelo, Texas, United States, from January 1961 to
November 1963 are also shown.fa It is evident t.1tat the
ratio has diminished significantly since September 1961,
possibly for the reasons mentioned in the precedingpara
graphs. The mean values of the Cs1l1jSrto ratios before
and after September 1961 have been computed at sta
tions where sufficient data were available. Table IX
shows the mean CSl81jSrlO ratios in precipitation at the
stations mentioned above, in stratospheric air above San
Angelo, and in air measured in the northern hemisphere
by aircraft. The measured reduction in the ratio since
the resumption of tests is statistically significant.

54. To estimate the total deposition of CSl81, the Cs1l1j
SrlO ratio has been taken as 1.7 through 1961 and as 1.5
for the period 1962-1963. The Sr'° deposition values
shown in tables VII and VIII have been multiplied by
these ratios, and the estimates of Cs1llT deposition are
shown in table X.

1954 1955 1956 1957 1958 1959 1960 1961 1962

6

2

KRYPTON-85

55. The concentration of Krllll in the atmosphere has
been increasing steadily since 1954 122, m, 401l (figure 17)
and by 1962 was 7 pCijm8 in the air of the northern
hemisphere. From the known fission yield of Kr811 it ap
pears that only a fraction of this activity has been con
tributed by tests, the remainder having presumably been
released into the troposphere by nuclear plants. This is
borne out by the fact that the concentration of Kr8b in
air, unlike that of other fission products, shows neither
seasonal fluctuations nor any correlation with tests.U2
Since Krll ll is a noble gas, almost all of it remains in the
atmosphere and so measurements of its concentration in
the air of both hemispheres could be used to study ex
change mechanisms in the troposphere. The present con
centration of Kr811 in the atmosphere is not sufficient to
give rise to any significant dose to populations.

SHORT-LIVED FISSION PRODUCTS

Strontium-89

56. The deposition of Sr88 has, for some six years
now, been measured at a large number of stations
throughout the world.27 Since the half-life of Srll9 is 50
days, its fall-out rate is a fairly good index of the amount
of short-lived activity being deposited. Figure 18 shows
the monthly mean Sr89jSr90 ratio for different latitudinal
bands durIng the period September-December 1961.27

*

*

*

*

CAESWM-137

51. CSlST has not been measured in precipitation
throughout the world on such an extensive scale as Sr'O,
although the number of stations now reporting data on
Cs1llT is greater than before 1960. Because of this lack of
world coverage, in the 1962 report the world-wide deposi
tion of CSlST was estimated by applying the mean CSlST/
Sr10 ratios for the various years under investigation to
the global SrlO deposition figures. This procedure is
again used here.

52. The half-lives of Sr'O and CSU7, 28 years and 30
years, respectively, are so similar that any change in the
value of the Cslll'1'jSrlO activity ratio due to radio-active
decay over a period of ten years or less can be neglected.
The initial CSlSTjSr'° ratio estimated from fission yields
varies between 1.0 and 3.0 for different fissile materials
and for different neutron energies.u1 Measurements of
Sr10 and CSU7 in precipitation indicated that there was
also some variation in the ratio with geographical loca
tion.411,8I Large numbers of measurements have been
used below in order to obtain reliable values for the
mean Cs1llTjSr80 ratio.

53. Figure 16 shows the mean quarterly Cs187jSrlO

ratios for rain collected in the northern hemisphere at
20 stations of the United Kingdom precipitation collec
tion network during the period January 1961-May
1963.411 In this figure the CslSTjSr80 ratios of strata
spheric air measured by balloon sampling over San

rate over the oceans will be assumed to be the same as
that over the land since the use of this assumption will
not underestimate the doses.

2.2
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Figuf'e 16. Cs187/SrlO activity ratio in stratospheric air and in
precipitation

Figuf'e 17. Krypton-SS activity in
northern hemisphere air1l2.U8.401l
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Even by December 1961 the Sr89jSr90 ratio was almost
constant with latitude, indicating that the mixing along
meridians within the northe111 hemisphere was relatively
rapid.

57. The Sr89 fall-out totals in different latitudinal
bands for the period September-December 1961, and for
1962 and 1963, are shown in table XI,27.124.S76 The de
position was at a maximum in the 30°-SooN band in
1962, about half as much being deposited in the tropical
regions and even less at high latitudes. The monthly Sr89
deposition in different regions of the northern hemis
phere, as well as the southern hemisphere averages, are
plotted in figure 19.'flI It is apparent that the Sr89 fall
out rates for these three regions of the northern hemis
phere were somewhat similar, indicating that the debris
was zonally well mixed and that it was largely of strato
spheric origin.

58. The SrBS monthly deposition at mid-latitudes in
the northern hemisphere reached a peak value of about
25 mCijkm2 during January 1962 and passed through
a minimum of some 3 mCijkm2during August 1962. The
deposition rose again during the last part of 1962 and
reached a peak of 20 mCiJkm2during April 1963. Pres
ent measurements indicate that the deposit of Sr89 in
1964 will be practically zero. In the southern hemisphere
the deposition rate for Sr89, also shown in figure 19,
was small until May 1962 when it increased to about
2 mCiJkm2 per month and remained approximately at
that level during the rest of the year. Included in table XI
are the annual deposits of Sr89 for each hemisphere
during 1961 and 1%2. During 1962, the deposition of
Sr89 in the southern hemisphere was only one-sixth of
that in the northern hemisphere.

Other short-lived fission products
59. A number of fission products with half-lives rang

ing between the 8 days of p31 and the 244 days of CeHi
are deposited in significant quantities upon the earth's
surface. Monthly deposits of short-lived fission products

at Milford Haven and Chilton in the United Kingdom
are shown in table XII.,Ill A number of these nuclides,
Zr85 + Nb85 in particular, contribute significantly to the
external gamma dose commitment due to nuclear tests.
Although pSI is measured very extensively 1n milk sup
plies, it has not been measured in precipitation at many
sites. However, the deposition rate of BaHo is a reason
ably good index of pSI deposition. The activity of the
short-lived fission products, Sr88, Zr85, Rulos, RU10ll

, pSI,
BaHo, CeUl and Cel", deposited during 1962, are shown
in table XIII.45.75 The importance of dry deposition of
short-lived fission products has been shown by measure
ments in the United Kingdom.45 Apart from Sr89, few
measurements have been reported on the deposition of
short-lived fission products in the southern hemisphere.

CARBoN-14

Inventory

60. CH, with a half-life of about 5,700 years, has
always been present in the earth's atmosphere where it
is produced by the action of cosmic ray neutrons on nitro
gen atoms, both in the stratosphere and in the upper
troposphere. The CH in the atmosphere is observed al
most exclusively as CO2.i06 Before nuclear testing, the
atmospheric content of CH was about 40 X 1()27 atoms.
The normal distribution of stable carbon and of 0'
among the different reservoirs of exchangeable carbon,
prior to the industrial and atom bomb effects, is shown
in table XIV. The specific activity of Cl4 in standard
wood (wood grown during 1890) of 14.5 dpmjg C has
been used to estimate the CH content of each reservoir.us

The 0 4 activity in the deep oceans and in humus is as
sumed to be 84 per cent of standard wood.m The nat
ural production rate of CH can be calculated by dividing
the inventory (2170 X 1027 atoms, table XIV) by the
mean life of Cl4 (8,300 years). The resultant production
rate is 2.6 X 1026 atoms per year, which corresponds to
1.6 atoms cm-2 sec-I.
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61. Lal and Peters estimated the production rate,
when computed from the O~ inventory, to b~ 1.6 atoms
cm-2sec-1 (when corrected for the new half-life of O~)
and 1.8 atoms cm-2 sec-1 when derived from cosmic ray
data.111,139 Another estimate of the CH production rate
using cosmic ray data is 2.5 ± 0.5 atoms cm-2 sec-1.422

For purposes of risk assessment the lower figure for O~
production, 1.6 atoms cm-2 sec-I, will be used here, as
it will not under-estimate the dose commitment. As this
production rate is about 25 per cent lower than that used
in the 1962 report, its use will result in a correspond
ingly higher estimate of the dose commitment from CH
produced by tests.

62. Since 1954, large amounts of CH have been pro
duced during nuckar tests. Neutrons produced during
nuclear explosions in the atmosphere react with atmos
pheric nitrogen, producing CH. With underground ex
plosions O~ production is essentially zero, while for
surface or near-surface explosions the production can be
assumed to be about half that due to air explosions. When
explosions occur at very high altitude, a fraction of the
released neutrons escapes into space and the CH pro
duction is correspondingly reduced.

63. Extensive surveys have been made of the CH ac
tivity in stratospheric air in both hemispheres, using air-
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craft and balloons for sampling.23, U,127 From these
measurements, the stratospheric CH inventory has been
estimated in a manner similar to that used to estimate
the Sr90 inventory. The estimates of stratospheric inven
tory of artificial O~ at different times between July 1957
and January 1964 are shown in table XV, together with
the estimated distribution of artificial O~ in other reser
voirs.34, ~26

64. The excess activity of CH in the troposphere as a
percentage of the activity prior to tests is shown in figure
20, based on measurements made at a number of labora
tories in different parts of the world.71 ,128-137,U1 As fig
ure 20 shows, the CH activity of atmospheric carbon
dioxide began to rise appreciably above normal in 1956.
Between 1956 and 1958 the level rose almost linearly to
a peak in 1959. During 1960 and 1961 the tropospheric
0 4 activity remained fairly constant at about 22 per
cent above nonnal.

65. From 1959 to 1961 there were small annual fluc
tuations in the tropospheric CH activity.u1 These fluc
tuations were particularly noticeable in the northern
hemisphere and were probably due to the fact that most
of the artificial CH was transferred from the stratosphere
to the troposphere during the spring months, causing a
peak activity in the northern hemisphere, while a sub-
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sequent transfer of some of this activity to the tropos
phere of the southern hemisphere caused a lowering of
the northern hemisphere activity during the fall and win
ter. This explanation is supported by the fact that the
fluctuations in the northern and southern hemispheres
are out of phase by approximately six months. It will
also be noticed in figure 20 that the peak ca activity in
the northern hemisphere in the years 1959-1961 occurred
approximately three months later than the peak in the
Sr90 fall-out rate, as shown in figure 3. The probable
explanation is that (1. is removed so slowly from the
troposphere that the mean tropospheric level tends to be
proportional to the integrated amount transferred from
the stratosphere.

66. Between 1955 and 1959 the tropospheric ca ac
tivity in the southern hemisphere was some 4 per cent
lower than that in the northern hemisphere (figure 20)
probably because most artificially produced ca had been
injected into the northern stratosphere. However, the
difference between the hemispheric levels became smaller
during 1960-1961 (approximately 2 per cent difference).
It has been estimated that the carbon dioxide exchange
with oceans in the southern hemisphere is twice as great
as in the northern hemisphere, which probably accounts
for the residual differences in levels between the hemis
pheres.u8

Circulation of carbon-14

67. The (1. in the atmosphere exchanges over a num
ber of years with carbon present as bicarbonate in the
surface layers of the oceans and with carbon in the
biosphere. The carbon then exchanges more slowly with
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that dissolved as bicarbonate in t~le deep oceans. This
last reservoir is by far the largest, as can be seen from
table XIV, and most ca decays while residing there.

68. Measurements of ca in the northern troposphere
from 1959 to 1961 have shown a d(;'finite variation with
latitude.141 This ca variation and the annual fluctuations
have been used to estimate the transfer of ca along
meridians, using a linear diffusion model.a1 Using the
diffusion rate so obtained and assuming a two-compart
ment model for the mixing of northern and southern
tropospheres, an exchange time between hemispheres of
less than one year was estimated. The order of magnitude
of the exchange time is borne out by the rapid fall in
the northern hemisphere activity during late 1959.

Future levels of carbon-14

69. The future levels of artificial ca in the atmos
phere have been estimated on the basis of a four
compartment model representing (1. exchange between
the different carbon reservoirs. This model is shown in
figure 21. Many such models ha7e been proposed in the
literature, but for the purposes of predicting future at
mospheric levels, there is little to be gained by using
more than four compartments.128•ao A four-compart
ment model makes more realistic predictions during the
first few decades after injection than does a two-com
partment model, as was used in the 1962 report. In the
present four-compartment model, the biospheric carbon
has been lumped in with the atmospheric reservoir, and
the humus carbon with the deep ocean, since the
atmosphere-biosphere exchange is fairly rapid and the
atmosphere-humus exchange is very slow.uO The move-
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ment of O~ between these reservoirs can be described
by the set of four equations.

N, ( d~, + M,) = k,-I, , (A.-1 - A,)

- k" ,+1 (A, - A,+I)
with r = 1, 2, 3, 4,

where
A, = the CH concentration in reservoir r,
k" .+1 = C14 transfer coefficient between reservoirs

rand r + 1, and kG1 == k46 = 0,
N, = the carbon capacity of the rth reservoir,
~ == decay constant of C14 = 0.00012 y-l.

70. It is assumed that fractionation effects between
reservoirs are small and can be neglected in predicting
future levels. These equations have been solved for A 2,

the tropoc;pheric concentration, for an initial injection of
ex 1027 atoms of O· into the stratosphere at time zero.
The method is essentially the same as that used by
Plesset and Latter.HO Based upon the data in table XIV,
the capacities of the CH reLrvoirs are, in units of at
mospheric capacity, 0.15.1.5,1.5 and 60 for NI, N 2, Na,
N 4, respectively. The mean residence time of CH in the
stratosphere is assumed to be 2.0 years. The tran~fer
coefficients, computed from the steady-state equations
derived by Plesset and Latter140 are. k12 = 0.075. k23 =
0.27 and !~a4 = 0.082, in atmospheric units per yea~. The
solution giving the excess O~ of.the troposphere ID per
cent above normal. after t years. IS

AI = 0.83C [0.047e-O·OOOI21 + 1.15rO·o2e1

+ 1.34e-O·161 - 2.54rO·6V1]

71. Estimates of the bomb-produced O~ inventories
in different carbon reservoirs for the years 1957-1963
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alt: gtven in table XV. The increase due to testing in
1961 and in 1962 was about threefold. If 25 X Ion out
of a total estimated excess of 6S X Ion O~ atoms are
assumed to have been injected into the stratosphere in
1958 and the remaining 40 X loa' atoms in 1962. the pre
dicted future level of CH in the troposphere. ~. is glven
for t years after 1964. by

AI - [2.5,-o·000lI1 + 64r'.0It1 + 26rO·.c
_ 26rO'uC]

per cent above normal. This equation predicts a peak
excess O~ activity of about 70 per ("fOnt in 1964 or 1965;
the level will then faIl to some 60 per cent in seven or
eight years' time. Between 1970 and 2040, the level will
gradually fall to some 3 per cent and will rfO.main below
this level while the excess CH decays radio-actively.

OTHER ARTIFICIAL RADIO-NUCUDES

72. Tritium (half-life 12.5 years) is not a fission
product but large quantities of it have been released into
the atmosphere by thermonuclear weapons during tests.
During 1952 and 1953. before large-scale contamination
by tests, typical concf'.ntrations of tritium in rain-water
were 1-10 tritium units.colas This "natural" tritium is pro
duced by the action of cosmic rays upon the earth's at
mosphere. Since thermonuclear weapons tests began.
tritium concentrations in rain-water have increased
gt'eatIy.1t6-l~.~lH Concentrations of tritium in rain-water
bei.ween 1953 and 1963 in Canada, France and Sweden
are shown in figure 22.1U-lt6,llIa.l~.lIlH'~UI~2a Peak ac-
tivities as high as 10.000 T.U. were recorded in Canada
in mid-1963.143 The average tritium concentration in
waters of the Pacific Ocean during 1960 and 1961 was
8 T.U.llIO In the southern hemisphere. tritium activities
measured in rain-water were much less than in the north
ern hemisphere, bemg in the range 5-20 T.U. during 1958
and 1960.1112

7:5. BeT which has a 54-dayhalf-life is produced natur
ally in the atmosphere. largely by the action of cosmic
ray protons on oxygen and argon, and there is also the
pos'3ibiIity of some production in nuclear explosions.
BeT has been used as a natural tracer to study the move
ments of air in the stratosphere. Concentrations of both
Sr90 and BeT in rain at Rijswijk during 1961 and 1962,m
and also in air and rain at other sites, showed marked
maxima during the springmonths.158- l81 The Be' maxima
in both years were of similar magnitude, unlike Sr'°
which showed Q u1uch higher activity in 1962, indicating
that most of the BeT deposited during 1961 and 1962
was of natural origin. Be? has also been measured fairly
extensively !n the stratosphere, and measurements dur
ing the period June 1960-May 1961 indicated that the
average BeTjSr90 ratio in the lower stratosphere was
15.s~.m Using this ratio. it can be estimated that at
Rijswijk the deposition rate of Be' of stratospheric
origin was 12 mCijkm2 per year, whereas the deposition
rate of tropospheric-produced Be' was 28 mCiJkm2 per
year.

74. Measurements of BeT and Sr89 in stratospheric air
over the Netherlands in 1962 suggest t.hat some BeT was
produced by nuclear tests in late 1961.1lI8 BeT activities
above 5 pCijkg of air showed a linear increase with the
Sr89 concentration. the mean ratio of excess Be? activity
to Sr89 activity being 0.04. Activities of Be' measured
in stratospheric~ir samples collected by aircraft over
the United States are shown in figure 23.s~ It is apparent
that there has been an increase in Be' concentrations in

• ! tritium unit (T.U.) corresponds to T/H =: 10-11.
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the northern hemisphere where, during the period Sep
tember '.961-December 1962, concentrations were often
markedly greater than expected equilibrium concentra
tions. This evidence also suggests that Be' was produced
artificially during tests in 1961 and in 1962. Various
nuclear reactions involving Li6 have been suggested as
giving rise to Be'.158 By multiplying the above Be'jSr89

ratio of 0.04 by the figure for Sr89 deposition given in
table XI, it is estimated that about 1 MCi of bomb
produced Be' was deposited in the northern hemisphere
during 1962. This is equivalent to an average Be' deposi
tion in the northern hemisphere of 4 mCijkm2.

75. A number of other nuclides, which have either
been deliberately added to nuclear devices or have been
produced as a result of neutron activation during the
explosion, have been measured in the atmosphere and in
precipitation.23,'8,142 During tests in 1958, W18!, W18S
and Rh102 with half-lives of 145 days, 74 days and 210
days, respectively, were injected into the equatorial
stratosphere. Cd109 and Cd1l3 with half-lives of 1.6 years
and 14 years, respectively, were added in 1962. These
radio-nuclides have been measured in air and in precipi
tation, and the study of their movement in the strato
sphere has contributed significantly to the understanding
of its circulation.u ,28.T8,u2 However, the contribution to
the dose in humans from these radio-nuclides is insig
nificant.

76. During tests in 1961 and in 1962, considerable
quantities of MnS6 (310 days), FeU (980 days), Sbm
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(60 days), y88 (104 days) and C0 58 (72 days) were
injected into the stratosphere. The activities of these
radio-nuc1ides in the stratosphere during 1962 are shown
in figure 24 and are compared with those of Sr90 and
Ce144•

18 During the period July 1962-June 1963, 128
mCijkm2of Fe55 were deposited at Westwood, New Jer
sey, United States.m There is no evidence at the present
time to indicate that doses from these radio-nuc1ides are
of any significance.

77. There is evidence that nuclear explosions have
added Na22, 86 and possibly Pb210, 84,nT to the existing
naturally occurring background of these isotopes in the
atmosphere, especially during 1961 and 1962. Various
plutonium isotopes from nuclear tests have been ob
served in the atmosphere and in fall_out.45.401,41s,416.4z1
In addition, the possible burn-up of an isotopic nuclear
power source for a space satellite in the stratosphere
during April 1964 may have added to the burden of
PU288 in the atmosphere.413.414 However, there is no evi
dence that the contribution to the dose in humans from
these rad!o-nuclides is significant.

lJI. Contamination of food and human tissues

STRONTIUM-90 AND STRONTIUM-89

78. The levels of Sr90 in foodstuffs have increased
since the resumption of nuclear tests in 1961. The levels
of Sr90 in milk rose in the northern hemisphere in 1962,
the mean yearly values being generally higher by a factor
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Figure 23. Beryllium-7 activity in the atmosphere84

of 2 than they were in 1961. The rise continued in 1963,
and the available data show that in 1963 the yearly aver
age was twice as high as it was ~n 1962 (table XVI). In
the southern hemisphere the levels of Sr90 in milk rose
much less in 1962 and 1963, as indicated by values from
Argentina, Australia and New Zealand.

79. The available data on milk contamination by Sri'
are summarized in table XVII. During testing periods,

high levels were measured in milk from the northern
hemisphere. Because of the short half-life of S1"", milk
levels fell sharply by the end of 1963.

80. In countries of the northern temperate zone the
rise of the Sr90lea ratio in total diet was similar to that in
milk, average values for 1962 being higher than in 1961
by 70-100 per cent (table XVIII). The available data
for 1963 (Denmark, United Kingdom, United States)
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meteorological and agricultural conditions.m •1H As the
soil factor that had been adopted in the 1962 report does
not tend to under-estimate the exposure, no change in
its value seems justified.

84. Levels, however, vary even within countries. Thus,
the yearly mean SflOjCa ratio in milk in different re
gions of the United States differed considerably from
the average of the results reported by all the sta
tions.m ,1&3 The highest and the lowest yearly regional
means in 1963 differed by factors of 2 and 6, respec
tively, from the arithmetical mean of the network.m In
New Zealand in 1962, the yearly means for local sta
tions differed by a factor of 6.2115 The average dietary
levels as found in the Tri-City Study165 varied system
atically by a factor of 2 between New York and San
Francisco. A similar degree of variation between aver
age Sr90jCa ratios in diets from different regions of the
country was found in Austria166 and a smaller one in
Denmark97.167 and in the United Kingdom.168,1611.28o
Data on the geographical variation of SrllOjCa ratios in
total diet in Japan indicate values systematically higher
than average in the western and northern parts of the
country.170

85. It should be mentioned, however, that the range
of variation observed between regions involving an ap
preciable fraction of the population of a country does
not necessarily include the much higher values of Sr90jCa
ratio found in milk and other dietary products of local
origin in some places with particularly high rainfall and
with special agricultural conditions. Such situations were
investigated in the United Kingdom.16s,169.2so The con
centrations of 51'90 in milk found there reached levels
differing by a factor as high as 8 from the country-wide
mean. Thes~ locations are usually confined to single
farms and are not representative of the region as a
whole, so that it is highly improbable that any large frac
tion of the population could be exposed to dietary con
tamination of this origin.m Broadly similar situations
appear to exist in a number of cool regions in north tem
perate latitudes, e.g. the Faroe Islands97,179 and northern
Finland.178

86. The results of surveys in both Australia and New
Zealand indicate that the ratio of SrllojCa in milk rela
tive to deposition is higher than it is in Europe and North
America. In contrast to the majority of areas in Europe
and North America, in Australia and New Zealand cattle
derive the major part of their entire diet from grazing
throughout the year, and it seems likely that this is one
of the factors responsible for relatively high SrllOjCa
ratios in milk.

87. Though information is scanty at the present time,
it should be noted that in some areas potable water may
contribute appreciably to the intake of Srllo. According
to observations made in Japan during 1962,271 monthly
determinations of Srllo concentration in potable rain
water from twelve locations showed an average value of
4.4 pCiJI, while an average value of 0.2 pCijl was oh
served in city water collected from twenty-five locations.
An increase in the SrllOjCa ratio in diet of about 40 oer
cent was estimated to be due to this source. "

88. The information available on the SrllOjCa ratio
in the diet of infants is limited. Direct determinations of
Srllo and calcium in babies' food preparations in the
United States indicate that on the average the SrllOjCa
ratio in infants' diet in that country is essentially the
same as in the average diet of adults.m The Srllo/Ca
ratios obtained in the course of a dietary survey limited
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where
C = yearly average 5r9°/Ca ratio in milk,
Fa = total accumulated deposit of Sr90 in soil in

mCi/km2,

F, = yearly fall-out rate of Sr90 in mCi/km2 in given
year,

Pa and P, are corresponding proportionality factors
also called "soil" and "rate" factors.

The values of the soil factors calculated for England
and Wales11S and for the New York and San Francisco
areaslH tend to be lower than the value of 0.3 accepted
for the world-wide situation in the 1962 report. On the
other hand, it has been shown that values for both the
soil and the rate factors may vary widely with local

show that the ratio was again doubled when compared
with the available data for ~962.

81. Dietary information from regions other than
North America and Europe is scanty. The Sr90jCa ratio
in total diet in the United Arab Republic in 1961 and in
1962 was close to the lowest values reported from the
northern temperate zone (Europe, United States). In
1963, however, the levels rose only slightly in the United
Arab Republic and were on the average lower by a fac
tor of 2 than most of the values reported from the north
ern temperate zone. Levels in Australia and Argentina
were much lower, and only a slight increase in the period
1961-1963 was noted (tables XVI and XVIII).

82. The average Sr90jCa ratio in the diet in Japan
(table XVIII) is close to the levels reported from the
United States and Europe in spite of the entirely dif
ferent composition of the averag-e diet.m

83. The relationship between fall-out rate and cumu
lative deposit of 51'96 on the one hand, and milk concen
trations of the isotope on the other, has recently been
discussed11S• lH and has been expressed by the equation:

C == PaFa + p,F"

Figl:r~ 24. Vertical profiles of cobalt-57, iron-SS, manganese-54
and antimony-124 activities (corrected to 15 October 1961) and
of strontium-90 and cerium-l44 activities (on collection
date) 13
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to children and adolescents in the United Stateslll,au
showed a range of values similar to that observed in
adult surveys in .~.e same country.

89. In Argentina during the years 1961-1963,aea aver
age levels of SrllOlCa in babies' food preparations were
almost the same as in milk. Indirect estimates, taking
account of the more important role of milk as a source
of calcium and SrllO in children's diet,168,18ll,188 also indi
cate that the Sr9°/Ca ratios in the average diets of infants
and young children are unlikely to exceed that estimated
for adult diets. It must be emphasized, however, that,
although much information is available for areas where
the intake of calcium is relatively high and mHk is an
important component of the diet, little information is
available for countries in which other types of diet are
consumed.

90. In the 1962 report, the ratio
Sr9°/Ca total diet

Sr9°/Ca milk
was used to predict Sr9°/Ca ratios in diet from those in
milk in areas where insufficient information was avail
able to estimate the dietary intake directly. Although this
method is not used in the present report, it is of interest
to note that the ratios in the years 1%0-1963 (table XIX)
do not differ substantially from those given in the 1962
report. However, some remarks are necessary:

(a) In Japan, where the diet has a very low milk con
tent, the ratio was 2 in 1962, somewhat lower than that
given for 1960 in the 1962 report.

(b) In Poland, where the average calcium intake is
high and where cereals, whole-meal bread and potatoes
contribute a relatively high proportion of calcium and
Sr90 to the average diet,1S3· m the ratio is higher than in
countries where milk is the main source of calcium.
A similar situation might exist in a large part of eastern
and south-eastern Europe.

91. In the 1962 report, it was concluded that the
Sr9°/Ca ratio in bone was largely determined by the
Sr9°/Ca ratio in diet, and that, averaged over a period of
several years, the ratio in bone would be about one
quarter of that in the diet from which the bone mineral
had been derived (i.e., the OR was 0.25d). Recent in
vestigations, which lend further support to this conclu
sion, have added appreciably to our understanding of the
manner in which the metabolism of the two elements
changes with age.

92. Adults. A value of 0.25 for adults appears to be
reasonably acceptable, though somewhat lower values
have been reported.189,193 The best agreement between
calculated and observed Srllo levels in the adult skeleton
is obtained by assuming that 2.0-3.5 per cent of bone
calcium is replaced every year by that supplied by the
diet.201,202 Assuming, for the sake of simplification, a
single compartment situation, the replacement rate in
long bones (e.g. femur) should fall somewhere between
1.2 and 4.0 per cent per year,187,188,193 most probably at
the lower end of the range. In spongeous bone (vertebral
bodies) several independent estimates yielded values
close to 8-9 per cent per year.181,188,193,210 Good agree
ment was found between dietary intake and bone levels
when interpreted in terms of a power-function model,

. Sr/Ca of sample
d Observed ratio sample/precursor = S IC f .26.r a 0 precursor

This raHo is meaningful when the sample (e.g. bone or total
body) is in a state of metabolic equilibrium with the precursor
(e.g. diet).
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usintt parameters obtained from experimental kinetic
studIes in man with Sri' as a tracer.101,101

93. Infants. Earlier indications that there is little dis
crimination between strontium and calcium in the very
young have been supported by recent investigations in
which ratios of stable strontium to calcium or Sr9°/Ca
ratios have been measured in diet and in bone.193,lll'

Detailed investigations in Argentina, employing both
methods, indicated that at the age of 2 or 3 months the
ratio of strontium to calcium in bone was about 0.8 of
that in diet, the value decreasing to less than half this
figure at the age of 9 or 10 months, and to about 0.25 in
the second year of life.aea

94. In the early weeks of life the consequence of small
discrimination between SrllO and calcium in their transfer
from diet to bone is in part offset by the low Sr'°lea
ratio in the foetus as a result of discrimination at the
placental barrier. Moreover, when infants are breast-fed
the Sr9°/Ca ratio in their intake is appreciably less than
that in the diet of older age groups.

95. The rate of turnover of minerals in the bones of
the young is a major factor affecting the radiation dose
received from the Sr90 that is deposited in the early
months of life. The best agreement between the Sr9°/Ca
ratios observed in bones of infants and young children,
and those predicted from measured dietary levels by
giving various values to the relevant parameters (OR
and yearly replacement rate of bone mineral), was ob
tained when a yearly replacement of about 50 per cent
of bone mineral in 0-1 year old infants was assumed.zoo
However, this figure is uncertain, and its true value
might lie anywhere between 30and 70 per cent. An almost
complete replacement of skeletal mineral in the first and
second year of life had been postulated by Bryant and
Loutit.181,193

96. This high turnover rate will result in a rapid
equilibration of the bone mineral with that in diet and
consequently will lead to a relatively uniform distribution
of Sr90 throughout the skeleton. It means also that the
Sr90 accumulated in the early months of life, when little
disc!:imination occurs, will have little, if any, effect on
the total amount of Sr90 present in the second year of
life or later, when the discriminating mechanism between
Sr90 and calcium is operative in the same manner as in
adults.

97. The over-all effect of changing discrimination on
the exposure of infants to Sr90 has recently been exam
ined in the United Kingdom, and the average Srllo/Ca
ratio in bone during the first year of life was found to
be 0.25-0.3 of that in milk.199 Since in the United King
dom the Sr9°/Ca ratio in milk is close to that in the
mixed diet and since the OR for adults is about 0.25,
these results show that the lower discrimination between
Sr90 and calcium in the first few months of life need not
be taken into account in assessing the radiation dose from
Sr90 over periods of a year or longer. This conclusion is
further supported by the observation that the ratios
between Sr9°/Ca in infant bone and milk in several
countries in 1962 give an average value of 0.25, as shown
in table XXI.

98. Evidence has been obtained that apart from its
content of calcium, other components of diet may affect
discrimination between strontium and calcium.192,lll6

However, the relatively constant relationship between
dietary and bone levels in different countries, as shown
in the 1962 report, suggests that in practice any such
effect is small.



99. The information on Sr"/Ca ratio in human bones
in the years 1961-1963 is summarized in table XX. The
majority of data comes from Europe, North America
and Australia. No data are available from Africa and
Central America. Very limited information was obtained
from South America and Asia.

100. In view of the strong age effect in the 0-4 year age
group and of the varying proportion of bone samples of
each age within the group, whenever possible data have
been arranged in five groups covering yearly intervals
from about 1 month up to 5 years of age, in addition to
the group of new- and stillbom children.

101. When sufficiently detailed information is avail
able (Australia, Denmark, Norway, Poland, United
Kingdom), it can be seen that the Sr"/Ca ratio in bone
was highest either in the I-month to I-year group or in
the I-year group (> 12 to < 24 months) and always
lower by 40-50 per cent in still- and newboms (figure25).
The lower Sr'o/Ca ratio in bones of still- and newboms
is due to the discrimination by the placenta which favours
the passage of calcium from mother to foetus by a factor
of about 2 in comparison with strontium.m.m,lo, In
older groups, the Sr90/Ca ratio diminishes gradually, as
was already apparent in the 1957-1960 data, until it
reaches a plateau at above 20-30 years of age, indicating
that the skeletal tumover rate becomes independent of
age.

102. Time trends. Results from the United Kingdom
and the Federal Republic of Germany indicate that the

average levels in new- and stillboms decreased in 1961
and in the first half of 1962 (figure 26). A sharp increase
was noted in the second half of 1962 when SI'" from
recent test series entered the diet.

103. After a fall in 1960 and in 1961, the levels in
infants and I-year old children rose again in 1962. The
main increase was observed in the second half of 1962
and in the first half of 1963, as is apparent from figure 27,
based on the British data. When compared on a yearly
basis, however, the increase over the 1961 level observed
in different countries in 1962 varied from almost 0 to
about 100 per cent (table XX). The highest group means
for Sr'° at this age were reported from New York City
and Denmark, amounting in both cases to 3.8 pCijg Ca.
The 1963 data that are available (United States, United
Kingdom, Soviet Union) indicate a marked increase of
Sr'o/Ca ratios in infant bones over the levels of 1962
(table XX).

104. In the 2-4 and 5-19 year age groups, varying but
usually small increases in levels from 1961 to 1962 can
be seen where a sufficient number of samples are avail
able (United Kingdom, New York City). From 1961 to
1962, the increases ranged from almost 0 (Canada,
Japan) to about 60 per cent (San Juan, P.R., United
States). In 1963 a marked increase occurred in the 2-4
year age group as compared wIth 1962, judging from the
data that are available for comparison. A somewhat lower
relative increase was noted in the 5-19 year age group,
but the data are still sparse.
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Figure 25. Age distribution of Sr90/Ca ratio in human bones (United Kingdom)I21l-111,171
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CAESIUM-137

Food chain mechanisms

111. When the 1962 report was issued, only limited
quantitative information was available on the mecha
nis~s by which CS137 was transferred along the food
cham to man. It was thought that concentrations of this
fission product in milk were dependent mainly on the
current rates of fall-out as a result of direct deposition
of the debris on plants with subsequent foliar and plant
base absorption. From the behaviour of CS137 levels in
humans during the period 1959-1961, it had been sug
gested that CS137 levels in the total diet as well as in man
also followed the current fall-out rate.207 This was sup
ported by observations showing very limited availability
for root absorption of caesium atoms which, once mixed
with soil minerals, become progressively and almost ir
reversibly bound by clays.llOI·llOU

112. However, the concentrations of CS137 in milk do
not follow closely the current fall-out rates everywhere.
In some areas, levels of CS137 in milk remained higher in
1960 and in 1961 than would have been expected if they
had been proportional to the current deposition that had
greatly diminished in that period.212,213 In Scandinavia
the ratio of CS137 and Sr90 concentrations in milk re
mained almost constant over the period 1958-1960.21•
Since the levels of CS137 in milk follow relatively closely
the actual contamination of the fodder because of the
rapid turnover of caesium in COWS,215 the constancy of
the ratios can only be explained by assuming that, as in
the case of Sr90, the absorption of previously deposited
CS137 plays a significant role among the mechanisms
responsible for the transfer of CS137 to milk.

• Omitting locations where less than 5 samples were measured.

from Australia is lower than in those from the northern
hemisphere (mainly the 30o-60oN latitude).

108. A similar pattern is observed for children's
bones. The arithmetic meanse for the northern hemi
sphere in the 0-1 year group were 1.7 and 2.4 pCijg Ca in
1961 and in 1962, respectively. In Australia, the corre
sponding values were 1.1 and 1.4. As has already been
mentioned for milk, the difference in bone levels between
Australia and the northern temperate zone is much less
than the corresponding difference in fall-out rate and
accumulated deposit of Srllo•

109. Comparison of diet and bone levels supports the
method of calculation of dose commitment from diets of
various types. The extent to which dietary and bone
data in infants support the accepted value of OR (0.25)
has been discussed in paragraph 97.

110. The Sr90jCa ratio in bone in adults cannot be
directly compared with the corresponding dietary ratios
to derive the OR value because the adult skeleton is not
in equilibrium with the diet. However, the validity of
dietary estimates can be evaluated by comparing the
Sr90jCa ratios in diet with corresponding estimates of
Sr90jCa ratios in adult bone. Such comparisons are
shown in table XXII. Despite differences in dietary
levels and in methods of estimation, the values given in
this table are reasonably constant. It may be concluded,
therefore, that the diet estimates as given in table XVIII
form a satisfactory basis for calculation of dose com
mitment. Again, the values observed in the period 1961
1963 are close to those calculated from fall-out rate and
deposit of Srll° by means of the proportionality factors
for diets of different types as used in the 1962 report.
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Figure 27. Average ratios of Srlll/Ca in bones of infants, between
the ages of 7 days and 1 year, in the United Kingdom (1959
1963)

105. Above 20 years of age, slight increases occurred
in some countries (Canada, Poland, United States) from
1961 to 1962, while in others levels were almost steady
(Australia, Japan, United Kingdom). A slight increase
in the skeletal content of Sr90 over this period should be
expected on the basis of the current concepts on bone
turnover in adults.187, 1l01-203, 205 However, biological vari
ability, possible sampling bias and analytical errors may
obscure this tendency, especially when only a limited
number of samples is available. Data from 1963 are too
limited to permit final conclusion.

106. Skeletal distribution. In contrast to children
(paragraph 96), the distribution of Sr90 in the adult
skeleton is not uniform. The highest Sr90jCa ratios
are measured in predominantly spongeous bones (ver
tebrae, ribs) and the lowest in mostly ivory ones (e.g.
femur shaft). Normalization procedures were developed
in the years 1958-1959206 which made it possible to com
pare Sr90 concentrations in different bones. Since it is
expected that normalization factors will change with time,
the use of the same values over extended periods is not
justified. Because of these differences, the Sr90jCa ratios
in bones for adults have been given in table XX in their
original form, together with the type of bone analysed.
For the same reason, comparisons of bone Sr90jCa ratios
for adults will be made only for vertebrae when suffi
ciently large numbers of samples are available.

107. Geographical variations. The average levels of
Sruo in human bone from different regions of large coun
tries, e.g. the Soviet Union (nine areas in Europe and
Asia)399 and the United States (New York City, San
Francisco and Chicago),320,321,322 do not differ from the
mean by more than a factor of 2. In 1961 the average
concentration of Sruo in vertebrae of adults from the
northern hemisphere (arithmetical unweighted mean of
values given in table XX) was 0.8 pCijg Ca as compared
with 0.6 in Australia. In 1962 the corresponding values
were 1.0 and 0.6 pCijg Ca, though these values are not
strictly comparable, as the bones from the northern hemi
sphere were not necessarily collected in the same areas.
Nonetheless, they show that the Sr90 level in adult bones

o
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113. That caesium became fixed almost completely in
all soils was disproved by FrederikssonUT who investi
gated a large series of tropical soils from South Amer
ica; in those with a low content of micaceous clays, no
evidence of appreciable fixation was found. A high level
of organic matter in soil can enhance the absorption of
caesium by plants.1l8 It was suggested therefore that in
some pennanent pastures a high content of organic ma
terial in the upper layer of the soil might reduce the bind
ing of Csm by clays, thus prolonging its availability to
plant roots. The potassium content of the soil is also an
important factor, absorption being greatest when the
concentration of that ion in the soil is 10w.1OI

114. The relationship between the concentration of
Csm in milk and the pattern of fall-out varies between
different areas, depending not only on soil factors and
on the extent to which the deposit IS retained by vegeta
tion, but also on the fraction of the diet of animals which
comes from concentrated foods, grain or hay produced
in the previous year. It has been found in the United
Kingdom that the average country-wide concentration
of CSIST in milk in any given year could be correlated to
the deposit of CS1ST over the current and previous two
years.m Th~ relationship can be expressed by the em
pirical forrr•.ua:

where
C = average country-wide concentration of Cst17

in milk in pCi/l in given year,
F, = fall-out rate of csm in given year in mCi/km2,
F2e = total Csm accumulated over the previous two

years ill ~Ci/km2,
p', and p'2e = proportionality factors for CS137 fall

out over current year and for total deposit
over the previous two years in (pCi/1) /
(mCi/km2).

The country-wide average values for p'r and p',e were
estimated to be 3.6 and 0.65, respectively, and relatively
similar values were obtained when the average levels of
milk for a number of stations in the United States were
examined. Evidence of the effects of climate and agri
cultural factors on the magnitude of the proportionality
factors was, however, obtained by comparing regions of
high and low rainfall in the United Kingdom. The ex
pected levels of Csm in milk calculated on this basis
agreed closely with the observed values, whereas the
agreement was less good when the total accumulated
activity of CSIST per unit area was used instead of the
fall-out deposit over the previous two years.

115. In Sweden a generally similar method of analysis
has been found to be applicable, but the values for both
proportionality factors are greater and the relationship
between observed and calculated values is somewhat im
proved if the deposit in the previous year only is used to
derive the second proportionality factor.266

116. The relationships between monthly levels of
CSIST in milk and the recent deposit of fall-out have been
examined in the Midwest of the United States.220 A good
correlation was found between the concentration of
CSIST in milk in anyone month during the grazing season
and the deposit in the previous four months; similarly,
for times of the year when animals were fed on stored
food a relationship was established with the deposit at
the time the fodder was grown. This finding is not in
consistent with the use of the equation given in paragraph
114, since the small magnitude of p'2e compared to p'r is
compatible with the levels of Csm in milk being largely
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determined by recent fall-out. In Argentina it appears
that the contribution of Csm deposited in the previous
year is extremely small, since a close linear correlation
has been established between the levels of Csm in milk
and in rain-water during the years 1960-1963.3'"

Caesium-137 levels in foods
117. Csm concentrations in milk in 1961 were gen

erally slightly lower than in 1960. The levels in the
northern hemisphere rose sharply in the spring of 1962
(table XXIII), and the average yearly concentrations
in that year were higher by a factor of 3 than they were
in 1961. Such data as are available indicate that the
average yearly concentrations of 1962 were again
doubled in 1963. In the southern hemisphere (Argentina)
the level of CS13T in milk rose only slightly over the
period 1960-1962, and absolute values were lower than
those from the northern hemisphere.

118. Considerable attention has been given to the
situation in some arctic regions where the levels of CSlST

ir. food and man may exceed the average for northern
temperate latitudes by factors of more than 100.178,225,

1ll6,2'3,U', S68-372, 398 These situations are attributable both
to dietary factors and to local conditions which enhance
the transfer of CSIST through food chains. The most
striking of these conditions are the high levels of Csm
in lichens and other native vegetation on which reindeer
and caribou graze. These high levels are not due to un
usually high rates of fall-out but to the accumulation of
CSIST by these slowly growing plants.177,22T,229,s98 In
northern Europe and Asia the highest body burdens of
CSIST have been found in reindeer breeders for whom
reindeer meat constitutes the major part of the diet. In
North America the situation is similar for Eskimos who
consume caribou meat in large quantities. Considerable
variations in the dietary intake of CSIST occur within
these areas mainly because of variations in dietary habits,
and it is not possible to estimate the number of persons
who are exposed to the highest levels. However, the
reindeer breeding groups in Finland, Norway and
Sweden constitute only a small fraction of the total Lapp
population, which amounts to about 35,000 people.

119. In the subarctic regions of these countries there
is also a substantial non-Lapp population which shows
CSIST uptakes considerably higher than the country-wide
average. Dietary levels of CSIST appreciably above the
average have also been reported in the Faroe Islands,98,1711
the west coast of Norway222,22s,22' and on a very local
scale in other countries. These situations are attributable
to high levels of CSIST in pastures grazed by cattle.

Metabolism of caesium in man

120. Although the retention of a single administra
tion of CSIST is best described by an equation with two
exponential terms, one of these, with a short half-period,
contributes only a negligible fraction of the dose and can
therefore be ignored.2so-2s2 The biological half-life of the
long-term component of retention, as determined in ap
parently normal adults by means of whole body count
ing technique!'l, can be estimated to be on the average
about 100 days (table XXV). The absorption of tracer
amounts of caesium from the gastro-intestinal tract in
man is close to 100 per cent.2S1,2SS

121. Two studies of the biological half-life of caesium
in children 226,2S' led to values of about 44 and 38 days,
thus at least partially accounting for the concentrations
of CslsT/gK and CsISTjkg body weight being lower in
children than in adults. The information on the turnover
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rate of caesium in early infancy is limited to two studies,
giving values for h...lf-life of 9.6, 6.6 days,2U 21 and 25
days8TG in the four subjects investigated.

122. In the 1962 report it was assumed that concen
trations of CS1S7 per gramme fresh bone tissue were
higher than in muscles by a factor of 2.2. Further investi
gations2S6,240 did not confirm this difference.

Observed levels in man

123. Extensive investigations showed2s5 that the con
centration of Cs1S7jkg body weight was about 50 per
cent higher in adult males than in females. This is ap
parently due to the higher average propOttion of fat
tissue in the female body. It is known that concentrations
of potassium and caesium in this tissue are very low as
opposed to muscles, parenchymatous organs, etc. When
expressed in pCijgK, Cs1s71evels in males are only 10-15
per cent higher than in females.

124. All available data on CS1S7 levels in the human
body are collected in table XXVI. Values are expressed
in pCijgK because:

(a) Age and sex differences are minimal.2S5 This is
important when the sex-ratio and the age composition of
the group investigated are not known.

( b) Values correlate closely with CS1S7 concentration
per unit of lean body mass which seems to be a more im
portant parameter for dosimetric purposes than the whole
body mass.
Use of the Cs1S7jgK ratio naturally does not imply that
the metabolism of these elements is as closely linked as
that of calcium and strontium.

125. The levels from different locations in the
northern hemisphere, as shown in table XXVI and figure
28, are remarkably close, with the exception of the rela
tively isolated and sparsely populated subarctic regions
and of the coastal areas of Norway (see paragraphs
118-119). Regional differences within countries have not
been extensively described except in the study of Ander
son et al.22D in the United States, who showed only slight
differences in CS1S7 body levels between regions with
very different deposition rates and milk levels of CS1S7. 164

126. After a peak in 1959 and in 1960, the CS1S7
content in man declined to the lowest levels in late 1961
and then began to rise in the first half of 1962, reflecting
the increased fall-out rates and dietary levels in 1962
and 1963. In those areas of the northern hemisphere
where surveys were performed systematically, the levels
in late 1963 were 2 to 4 times higher than the average
levels in 1961.

127. Data from the Far East, the Middle East and
the Pacific region are too scanty to permit meaningful
comparisons with the northern temperate zone. Limited
data from Japan, collected by means of the whole body
counting technique,2n, 242 show values lower than in
Europe and North America. This observation is con
sistent with the corresponding differences in the average
intake of CS1S7 as given in table XXIV. In the southern
hemisphere data are available only from Australia.m
Late in 1961 and in early 1962 the levels were fairly close
to those observed in the northern temperate zone. In
1963 and early 1964, however, only a very slight increase
occurred, so that body levels of CS187 in Australia were
lower by a factor of 3-6 than those reported at that time
from the northern hemisphere.

128. As has already been noted and discussed in para
graph 118, exceptionally high levels of CS1S7 in food and

in population were observed in some areas. In some
groups of Finnish and Swedish Lapps226, us, 24' average
body burdens in 1961 reached levels 40 to 60 times higher
than the average for northern temperate regions, with
some individuals showing body concentrations up to 150
times higher. The average levels for groups of different
occupational and dietary habits were essentially propor
tional to their estimated intake which, in turn, largely
depended upon consumption of reindeer meat highly
contaminated with CS1S7. It has been calculated,228 and
later confirmed by direct measurements,178 that, because
of the increased meat consumption in winter, levels in
reindeer-breeding Lapps would have doubled in the
spring of 1962, even without further contamination of
the environment. Comparably high body burdens of
CS1S7 were found in 1962 among Alaskan Eskimos,211S
one group of whom showed an average of 3,000 pCijgK.
From Apri11962 to Apri11963 the average increase in
Cs1S7jKratioin SwedishLappsfromJokkmokkamounted
to about 30-40 per cent.m A similar increase was ob
served in Alaskan Eskimos during summer periods in
1962 and 1963.s68 In early 1964 one group of Lap~s

reached the average level of 7,000 pCijgK,S4I1I and In
some individuals in suba.rctic regions the total body
burd~n in 1963 and in 1964 exceeded the value of 3.5
microcurie of CS1ST (table XXVI).818

129. Values intermediate between those reported from
subarctic regions and the averages for the northern tem
perate zone were observed in other regions of Scandi
navia. Thus in the first quarter of 1961222 and of 1963,
480 and 332 pCijgK were measured in Bergen. In
Masfjorden222 where most of the food consumed is
locally produced, an average concentration of about 1,400
pCijgK was observed in 1963. Levels in Os10226 in 1961,
in 1963 and in 1964 were lower, but still higher by a
factor of 2-3 than in other locations in central and
western Europe and in continental United States.

Relation of caesium-137 in fall-out and diet
with body burden in man

130. Because the biological half-life of caesium in
man is of the order of ,... 100 days (table XXV) , changes
in dietary intake are fairly rapidly reflected in the levels
of this nuclide in the body. To obtain close agreement
between observed and predicted body burdens of CS187,
detailed information about the intake of the nuclide over
short intervals is necessary. In general, however, such
information is lacking, so that it is unavoidable to use
average levels over longer periods of time, e.g. yearly, to
study correlations between dietary levels or fall-out
pattern and body concentrations.

131. Even so, allowance should be made for the lag
between dietary and body values. When average yearly
levels of CS1S7 in the body (New Mexico) 220 are divided
by average milk levels determined on a 12-month basis,
the most constant ratio is obtained by allowing for a
9-month lag (e.g. January-December 1961 average body
values are compared with average milk levels computed
over the March 1960-March 1961 period).

132. An empirical relationship between levels of CS187
in man and the fall-out pattern, similar to that found for
milk in the United Kingdom (paragraph 114), was found
by Bartlett and Mercer using data from Berkshire,
United Kingdom.219 The agreement between observed
and predicted values was closer than whe!l proportion
ality with current yearly fall-out deposition and accumu
lated deposit of CS187 was assumed.

37



133. As was pointed out ID paragraph 125 and shown
in figure 28, concentrations of CS1ST in man in the north
ern temperate zone (300 -600 N), excluding Norway
where special ecological mechanisms operate, are very
close, probably as a consequence of the extensive redis
tribution of marketed foodstuffs within and between
most countries. As the fall-out deposition is highest in
the northern temperate zone between 300 -600 N, it
seems reasonable to assume that, apart from the excep
tional situations mentioned in paragraphs 118-119, 128
129, which involve only a small percentage of the world
population, the levels of CS1ST in man in this band rep
resent an upper limit of the expected real world-wide
average.

134. Because of the geographical uniformity of CS1ST
levels in man in the latitudinal band from 300 -600 N,
the average CS1ST deposition in this band, as derived from
the Sr90 deposition over the period 1953-1963,104.180 will
be used here to estimate the empirical relationship be
tween fall-out and body burden in man. The yearly
average body burden will be assumed to be directly pro
portional to the current fall-out and to the amount depos
ited over the two previous years. This relationship can
be expressed by the formula,

Q = P,F, + P2cF2c,

where
Q = yearly average concentration of Csl37 in man

in pCi Cs137/gK,
Fr = fall-out rate of CS137 in a given 12-month

period in mCi/km2,

F2c = total CS 137 accumulated over the previous two
years in mCi/km2,

Pr and P 2c = proportionality factors in (pCi CS137/

gK)/(mCijkm2).

135. The proportionality factors Pr and P2c estimated
for Belgium, the Federal Republic of Germany, Berk
shire (United Kingdom), and New Mexico (United
States) are given in table XXVII. When average factors
(arithmetic means of the local factors) are used to
calculate the average concentrations of CS1ST in man in
the latitudinal band 300 -600 N, these concentrations
are consistent with the observed values, as is shown by
figure 28, where observed values do not differ from the
predicted average by more than some ± 20-30 per cent.
When yearly mean body concentrations of CS1ST are
linearly related to the current rate of fall-out only, or to
both the current rate and the total cumulative deposit,
very poor agreement is obtained between results pre
dicted on the basis of the relationships so established and
those observed.

IODINE-131

Iodine-131 in food

136. p31 was detected in air, rain and milk in late 1961
and in mid-1962. Levels rose sharply in September and
October 1961 and declined to detection limits in January
1962. A second peak followed in most countries in the
period August-December 1962.9T,168,169,245-249 However,
in southern Italy where for climatic reasons the grazing
period for cattle, unlike that in central and northern
:Europe, extends into winter, pSl was detected as late as
FebruC!fy 1963.247 Typical concentration profiles of pSl
in milk from several countries in Europe, North America
and Japan are presented in figures 29-31.

137. Detailed reports on the p31 content in milk are
limited to twelve countries of the northern hemisphere
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Figure 29. Iodine-131 in milk in North America, 1961-1963165

in 1961 and to fourteen in 1962 (table XXX). Values are
expressed in pCi d/l (picocuries X days per litre) as a
time integral of the concentration. In the southern hemis
phere pSl was not detected in 1961 but was detected in
1962 (Argentina, Australia). These data indicate that
levels of pSl in milk were lower by a factor of 10 in Au
stralia, and by a factor of 2-3 in Argentina, compared to
those observed in the northern temperate zone. It must
be mentioned that average pSl concentrations in milk
from different countries, even in similar geographical
latitudes, vary by a factor of 3-4. Within large countries,
such as the United States, the yearly average concentra
tions reported from different regions differ by a factor of
10.184 It is easily understood that the deposition of short
lived isotopes from fall-out is more dependent upon
transitory meteorological conditions over short periods
of time than is the case with such long-lived fission
products as CS13T and Sr90•

138. In the State of Utah (United States), high con
centrations of pSl in milk were detected for several weeks
starting 12 July 1962.250 Assuming a daily intake of one
litre of milk, the average total intake of p31 during this
period was estimated at 58,000 pCi with a maximum
value of 800,000 pCi. Available evidence25l-25s points to
the local fall-out from test explosions in the nearby
Nevada test site as the source of massive contamination
of pastures with PS1.

139. It has been established that the main path of
transfer of pSl to the urban population in the United
Kingdom and in the United States was through milk and
its fresh products (e.g. cottage cheese), the role played
by other foodstuffs being negligible.248,249, 254 Only a few
per cent, if any, of the measured thyroid burden could be
due to inhalation of p3l contained in the air.

140. In Japan, however, because of dietary habits
(average per capita consumption of milk in adults being
only 0.05 ljday) , the major contribution of PSl was from
fresh leafy vegetables.255 It has been calculated that in
1961 the maximum possible intake with air and milk may

l
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have accounted for 27 and 12 per cent, respectively, of
the p81 detected in Japanese thyroids, the rest coming
from vegetables. It has also been shown in Germany that
unprocessed drinking water from cisterns can substan
tially add to the intake of p91 in periods of fresh fall
OUt. 2GB

Iodine-131 in human thyroids
141. PSl concentrations in the thyroids can be deter

mined in living subjects or post mortem and can also be
estimated indirectly from the levels of food contamina
tion. The various methods have been discussed by Eisen
bud et al.249

142. Surveys by in vitro counting of thyroids taken at
post mortem examinations were made on hospital patients
and on victims of accidents dying in the period when pBl
was present in the milk.249,255, 256 Results of in vitro
measurements are presented in table XXVIII. The con
clusion reached by Eisenbud et al. m was that, most prob
ably for dietary reasons, hospital patients were not rep
resentative of the population as a whole. On the other
hand, results obtained from accident victims seemed to
be biased by socio-economical factors, as revealed by the
comparison with results of in vivo counting of persons
with controlled consumption of milk. This study indi
cated that the results from in vitro counting in accident
victims might appreciably under-estimate concentrations
as compared with the population averages, expected on
the basis of milk consumption.

143. Measurements made in foetuses at different
stages of prenatal life241l showed that specific activities
were higher in foetal than in maternal thyroids by a factor
of 1.3-8.2 (5 measurements). In a 12-weeks-old foetus,
a concentration as high as 630 pCijg of thyroid was
observed. Because of the age-dependence of thyroid
weight, of milk consumption and of 1131 uptake by the
gland, the most critical age in post-natal life from the
dose point of view has been estimated to be around 7
months,257 or between 6 months and 2 years of age.25B

144. Sensitive low-level gamma spectrometric tech
niques have been developed and used for in vivo meas
urements of fall-out of 1131 in human thyroids.259,260

Measurements showed wide individual variations of p91
levels in human thyroids so that large numbers of prop
erly sampled subjects of different ages must be examined
to obtain results valid for the population at large. This
is hardly possible in the case of rapidly changing fall-out
situations. In comparison with the in vitro counting, an
additional uncertainty in dose evaluation is introduced by
geometrical factors (detector-gland) which play a critical
role in this type of measurements, and by uncertainties
regarding the weights of individual thyroids. The levels
of PS1 in thyroids, obtained by this method in the Federal
Republic of Gennany, New York City, Boston, and the
Stat~ of Utah are given in table XXIX.

145. Indirect estimates of thyroid burdens can be
obtained when results of representative and frequent
sampling of milk are available. 240,261 The average dose
can be calculated when the following factors are known:

(a) Average consumption of milk in groups of popu-
lation at different ages.

(b) Iodine uptake in thyroid as a function of age.
(c) Mass of thyroid as a function of age.
(d) Biological half-life of 1131 in thyroid.

The average total intake of p31 with milk in different
countries in 1961 and in 1962, if one litre is consumed
daily, is given in columns 3 and 4 of table XXX. The
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total intake in any given group of population may be
derived by multiplying these figures by the average con
sumption of milk in litres per day. As data on milk con
sumption in specific age groups are lacking, the average
consumption of milk by infants and young children has
been assumed to be about 0.7 litre per day. For lack of
data, no assumption has been made with respect to adults,
though it can be stated that their 1131 intake is generally
much lower than in children.

146. A calculation based on the levels of 1131 in milk
appears to be the most satisfactory means of estimating
thyroid doses to various sections of the population. More
over, it is applicable where direct measurements of 1131

in human thyroids are not available.

IV. Doses from environmental and internal con
tamination allowance for the distribution of fall
out and population

147. For the purpose of this report "dose commit
ment" is defined as the integral over infinite time of the
average dose rate in a given tissue for the world's popula
tion, as the result of a specific practice, e.g. a given series
of nuclear explosions. The actual exposures may occur
over many years after the practice and may be received
by individuals not born at the time of the period of prac
tice. On the basis of a linear dose-effect relationship
with no dose threshold and no dose-rate effect, and as
suming a stable population, the expected number of late
somatic injuries and hereditary defects would be the
same for a practice with a given dose commitment as for
a practice which would result in an instantaneous dose
of the same magnitude to all members of the population.

148. Since we are concerned in this report with aver
age doses to populations, it is necessary to weigh the
average fall-out deposition according to population dis
tribution. It is convenient to define a population factor Z,
defined according to the equation,

FN = Z X FA.,
where FA. is the mean deposition in the area concerned
and FN is the mean deposition weighted by population
in the same area. FN is computed from the formula,

F _ "iJN;F;
N - "EN;

The population factor Z could be computed for the whole
world, for one hemisphere, or for any other local area
of interest.

149. The population factor may be expressed as the
sum of several partial population factors. For example,
by breaking the area into three smaller areas, there are
three partial factors:

Z = Z1 + Z2 + Z3.

Z . cl fi cl Z "ENa Fa
1 1S e ne as I = FA. (NI + N

2
+ N a)'

where the summation is taken over area 1. For the other
two factors Z2 and Z3, the summation is taken over areas
2 and 3, respectively. For estimating the internal dose
commitment from Sr90, the world is divided into three
areas according to three basic diet types, and three par
tial population factors are used.

150. The local deposition F; varies considerably from
place to place, and this can be described by a "geographi
cal factor" G;, defined as

C; = F;/F..
where Fa is the mean global deposition. Such a factor
can be used to estimate doses in local areas. In the 1962



report a curve showing the variation of G, with latitude
was given. It is of hterest to note that the global average
of the 10Ccl1 geographical factor G, weighted by popula
tion equals the global population factor Z.

151. Since some 90 per cent of the world's population
resides in the northern hemisphere, the estimated global
Z factor will depend upon the fraction of fall-out de
posited in each hemisphere. When the debris is largely
deposited in the northern hemisphere, the Z factor will
be about 2, but will be approximately 1.2 for eq.ual fall
out in both hemispheres. Using mean deposition data
from the northern and the southern hemispheres, sepa
rate estimates of mean deposition weighted by popula
tion for cach hemisphere have been computed.

152. Table XXXI shows the estimated world popula
tion distributionf and the relevant data on SrlO and Sri'
deposition. T~e data from table XXXI have been used
to calcnlate the Z factors for both hemispheres according
to the formula given above. A summary of these ~a1cu

lations, together with the Z factors obtained for various
years, is shown in table XXXII. It can be seen from table
XXXII that in the northern hemisphere the factors
were fairly constant from 1960 to 1962 with a maximum
variation of only 8 per cent compared with 35 per cent
for the global Z factors during the same period. The
slight variation in the northern hemisi-'here was probably
due to the tropospheric fall-out in 1962, while in 1961
the newly deposited Srllo was largely of stratospheric
origin. It is remarkable that in the northern hemisphere
the same numerical factors are obtained for SrS9 as
for Sr90.

153. In the southern hemisphere the Sr90 fall-out dis
tributions gave fairly constant population factors of
approximately LOO, but the factor obtained for SrS9
deposition was higher and amounted to 1.45 in 1962. This
is because considerable amounts of SrS9 diffused into the
southern hemisphere from the northern troposphere and
were deposited in the 00 _100 S latitude band where
about half the population of the southern hemisphere
lives.

154. In the case of Sr90 and Sr89, the dose commit
ments are computed by dividing th.e world population into
three groups according to dietary habits. Since CH is
unifonnly distributed in the troposphere, no allowance
for population distribution is necessary. To compute the
dose commitments due to other nuc1ides, two population
factors are used, 1.2 for the northern hemisphere, and
1.0 for the southern hemisphere.

155. In calculating dose commitments, the total radia
tion emitted by deposited radio-nuclides must be con
sidered. Data in tables VII and X represent the cumula-

tive levels of SrIO and CstIT on the ground at a pE.:ucular
time allowing for radio-active decay. To compute dose
commitments, the concept of "integrated dep<'sition",
i.e., the total deposition uncorrected for decay and weath
erit!g losses, has been introduced. The integrated deposits
of Sr9G and Cs1l7 up to December 1963 are shown in table
XXXIII, together with the predicted future deposit.

EXTERNAL DOSES

Measured dose rates in air
156. Direct measurements of air doses have been

reported from Japan, Sweden and the United King
dom.m -m The annual doses for the years 1961-1963
are shown in table XXXIV. The Japanese measurements
were made with scintillation counters that were calibrated
against an ionization chamber. The counter at Tokyo was
situated 7 m above the roof of a three-storied concrete
building but was calibrated against an air equivalent ioni
zation chamber situated 1 m above the ground. All the
other measurements were made by using ionization
chambers. These instruments measure the total gamma
dose rate in the air. The dose rate from fall-out is ob
tained by subtracting the contribution from cosmic rays
and from naturally occurring gamma emitters. The
measurements at Leeds were made at 10 feet above
ground and the results corrected to 1 metre.335,3" The
averages for each area of Sweden are based on measure
ments made at several stations.352

157. The gammadose rate has also been estimated from
measured deposits of gamma-emitting fission products.
Gustafson used deposition figures based upon soil analy
ses to estimate the gamma dose rates at Argonne, Illinois,
United States.m - S39 Collins estimated the external dose
rates from Zr93, Ru106, CS137 and Ce14• in the United
States at Westwood (New Jersey), Pittsburgh (Penn
sylvania) and Richmond (California), using deposition
figures based upon measurements in precipitation.36O-362
Since these three radio-nuclides account for at least 80
per cent of the external dose rate, the dose rates so ob
tained are meaningful. Dose-rate estimates based upon
deposition data have been plotted in figure 32.

Short-lived fission products
158. Estimates of dose commitments to the world

population could be obtained by using average global
deposition estimates for short-lived fission products,
together with the appropriate dose-rate factors. However,
the deposition of short-lived fission products are not
measured at most collection stations. To estimate the
deposition of the short-lived fission products, the north
ern hemisphere deposition of SrS9 is used, together with
estimates of the ratios,

R - Annual northern hemisphere deposit of short-lived radio-nuclide
, - Annual northern hemisphere deposit of SrS9 '

detennined for each fission product in each year. The
ratios R, have been estimated from the local ratios com
puted at seven stations in the northern hemisphere. The
mean of the ratios at these stations is used as an estimate
of the Rjs for individual nuclides. The local ratios and
the corresponding average ratios for 1962 are shown in
table XXXV.27,.5,75,76,1l1

f The absolute figures apply to 1951. Absolute Sgurell would
naturally be different now but are not available by latitudinal
band. The rdative magnitude, however, is unlikely to have
changed.

159. It must be noted that the stations lie in a narrow
latitude bad, but that this particular latitude region is
highly populated. Although the ratios have no funda
mental significance, if the hssion product debris is well
mixed within the hemisphere, they should not vary
greatly from place to place during periods of steady test
ing except perhaps for ratio involving the very short
lived radio-nuclides p31, BaHO and Cel81• After testing
is completed, the annual ratios will change owing to
radio-active decay.
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Figure 32. Gamma ray air dose rate, at one metre above ground, from fall-out as estimated from fission product depositions57. 362

160. Available measurements of short-lived isotopes
in the southern hemisphere are insufficient to obtain
reliable estimates of the ratios in that hemisphere. But
since only 10 per cent of the world population lives in
the southern hemisphere and since less than 20 per
cent of the SrS9 global fall-out is deposited there, the
contribution of short-lived fission products deposited in
this hemisphere to the world dose can only be a few
per cent.

161. The external gamma dose commitment is com
puted for each nuclide by using the fcrmula

DJ = K J X BJ X Z X TJ X RJ X Fa9,

where K J X B J = gamma-ray dose constant, including
build-up factor for fission product j (mradjy per mCij
km2); Z = population factor; TJ = mean life on the
ground of fission product j; RJ = ratio defined in para-
graph 158 for fission product j; F S9 = average annual
northern hemisphere deposit of Sr89 (mCijkm2). The
details of the air dose calculations for the fission products
Zr95, Ru10S, RU108, pSt, Ba140, Ce141 and Ce144 are shown
in table XXXVI. The ratios RJ for 1962 are taken from
table XXXV and the ratios for 1961 are estimated in a
similar manner. Since complete deposition data for some
short-lived fission products in 1963 were not available,
the doses from RU108 and CeH4 have heen computed by
using the average Ru108jCel44 and Ce144/Sr90 ratios, to
gether with the 1963 estimates of Sr90 deposition.

162. The total measured air dose in the years 1961
1963 from CS137 and short-lived fission products weighted
by population was 54 mrads. By deducting the contribu
tion irom CS1S7 for this same period, namely 15 mrads,
the contribution from the short-lived fission products is
39 mrads. This figure is in reasonable agreement with the
computed figure of 46 mrads that can be inferred from
table XXXVI after deduction of the dose to be delivered
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after 1963. It should be noted that the dose commitment
for each of the years does not correspond exactly to the
annual doses, since some part of the dose commitment
is received in subsequent years. Allowance must be
made for doses received in 1964 from material deposited
in 1963 and also from material still to be deposited. These
additional doses are estimated to be about 10 mrads,
making a total dose commitment of 49 mrads for testing
in 1961 and 1962. The dose commitment for short-lived
isotopes due to testing up to 1960 was given in the 1962
report as 55 mrads. The total air dose commitment for
all tests to December 1963 is therefore 104 mrads.

163. Shielding by buildings and screening by the
human body were considered in the 1962 report. A
shielding factor of 0.2 was adopted as a world average.
Assuming that seventeen hours per ,1ay on average were
spent indoors, the over-all dose-reduction factor due to
shielding was taken to be 0.4. The same value will be used
in the present report, together with a body screening
factor for the gonads and bone marrow of 0.6, as was
also adopted in the 1962 report. The combined shielding
and screening factor (0.2), applied to the air dose com
mitment, yields a tissue dose commitment from short
lived fission products of 21 mrads.

Caesi1,m-137

164. The external doses from CS137 are computed by
using a combined dose-rate constant and build-up factor
(KJ X B J) of 0.12 mradjy per mCijkm2 of CS137. The
CS1S7 data in table X, corrected for the fourteen-year
effective mean life of CS137 on the ground due to decay
and weathering,SS2 are used to compute the annual doses
in the period 1961-196'>. The CS137 air doses 'veighted
by population in these years were 4, 5 and 6 mrads,
respectively.
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Figure 33. The population averagoe of the dose increment factor
for various biological turnover rates as a function of the ex
pected mean life365

delivered to the bone over the balance of the lifespan
by SrllO from an intake due to exposure to environmental
contamination between times t and t + dt at age • years
was shown by Lindelllll to be

f .. 1
aD - fk{t)dta(u) tI B(T)exp [- k1(T - U)]dT (mrad),

where (J = dose-rate constant in bone (mrad/y per pCi
Sr"/g Ca); c(t) = OR X C(t) = SrN/Ca ratio in
bone mineral deposited at time t (a bone/diet OR of
0.25 is used here) ; er (M) = rate of calcium uptake by
bone at age Myears; B (T) = total weight of calcium in
bone at age T years; kl turnover rate of SrN in bone;
• =life expectancy. This equation can be written

dD = Ic(t) dt F.(M).
171. The lifetime dose increment dD averaged over

the whole population, assuming uniform age distribution
at the time of Srllo uptake, is given by

- 1[ -dD == 8c(t)dt - F",(u)du == 8c(t)dtF",.
m 0

The dose commitment to the population contributed by a
finite period of testing is then given by

f +·
D == 8F", .:St)dt.

Lindell computed the dose-increment factor Fm for dif
ferent assumed Srllo turnover rates in bone and for differ
ent life expectancies.m The values of 'F. so obtained
have been plotted in figure 33, which shows that F. is
not strongly dependent on the turnover rate nor on life
expectancies higher than twenty years.

172. The reason for the small variation of F". is the
compensating effect of changes in turnover and life ex
pectancy. For example, a more rapid turnover rate will
reduce the retention of Srllo taken up by a child but will
increase the uptake and exposure of adults. Similarly,
with shorter life expectancies, a larger proportion of the
population will be in the younger age group with a high
uptake of SrllO, but the total lifetime exposure will be
reduced. As in the 1962 report, a dose-increment factor
of 0.6 is here being used.

173. As in the 1962 report, dose-rate factors (6) of
2.7, 1.4 and 0.7 mradjy per pCi Sr"o/g Ca are used for
computing the doses to bone, cells lining bone surfaces,
and bone marrow, respectively. The estimates of dose
commitment contributed by Sr"o from all tests up to the
end of 1962 are therefore 336 mrads to bone, 174 mrads

m
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165. The air dose commitment from CstlT can be
estimated from the predicted total integrated deposit of
CstIT as shown in table XXXIII. Th;s figure, the same
as that in the 1962 report, is justified by results of meas
urements of the dose rates made in the United Kingdom
over plots of soil contaminated with CstIT. I" The esti
mate of air dose commitment from CstIT contributed by
all tests up to the end of 1962 is 143 mrads. Using a
combined shielding and screening factor of 0.2, the dose
to gonads and bone marrow is 29 mrads.

INTERNAL DOSES

StrofttiMm-90

166. Integrated dietary levels. The estimates of mean
SrllO/Ca ratios in diets are obtain<~dfrom the relationship,

C(t) == PdFd(t) + p,F,(t), pCi Sr90/g Ca,
where Fd(t) is the cumulative mean deposit of Sr"o
(mCi,lkmll) and Fr{t) the mean annual deposition rate
(mCi,lkml/y) at time t. p", and pr are the proportionality
factors discussed in paragraph 83. As in the 1962 report,
the world population is divided into three groups (table
XXXVII) according to their dietary habits, and propor
tionality factors have been computed for each group. The
same factors are used in this report, although there is
some evidence that the rate factor (Pr) for the Japanese
diet which is of type III may be somewhat less than the
average value for other diets of that type.m The values
of Pt!. used are probably over-estimates rather than under
estimates.

167. The mean integrated level of Srllo in diet is
given by

fC(t)dt == Pt!. f"F",<t)dt + p, f'F,(t)dt.
o 0 0

If the effective mean life of Srllo in the soil is Tm years,
it can be shown that

f'F",<t)dt == Tm f"F,(t)dt == Tm F,
o 0

where F is the integrated amount of Srllo deposited on
the ground (mCi/km2). The mean integrated level in
diet is therefore

f·C(t)dt == (ploTm + Pr)F, pCi years of Sruo per g Ca.
o

168. For a 2 per cent annual loss of Srllo from the
soil through leaching and removal by crops, the effective
mean life of Sr"o in the soil is twenty-one years.·Oll The
expected total integrated deposit of Sr"o between latitudes
of 50° S aHd 80° N is 14.2 MCi (table XXXIII). This
is equivalent to an average deposit (F) of 31.7 mCi,lkm2
and leads to estimated integrated dietary levels of 310,
480 and 530 pCi years of Srllo per g Ca, for diet types
I, II and Ill, respecthe1y.

169. The composite integrated dietary level of Srllo
weighted by population is obtained, as in the 1962 report,
by adding the integrated levels in the three dietary types
multiplied by the respective partial population factors
0.7, 0.5 and 0.7. These coefficients reflect the fact that
most of the world's population resides in the latitude
bands of the northern hemisphere where the deposition
of Srllo is about twice the global average. The composite
integrated global jE>vel in diet is 830 pCi years of Srllo
per g Ca.

170. Dose commitment. The dose commitment from
SrllO is computed as in the 1962 report. The dose dD
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to cells lining bone surfaces and 87 mrads to bone mar
row. Some 90 per cent of these doses will have been
delivered by the year 2000.

174. In addition to the dose commitments, the annual
dose to new bone is also of interest and can be calculated
from the diet~ contamination by usin~ a discrimination
factor of 0.25 (paragraphs 91-97). Whtle new bone con
stitutes the whole skeleton during the first year of life,
the freshly deposited bone mineral is only a small frac
tion of the total skeleton in adults. The composite world
average level of SrlHl in diet during 1961, 1962 and 1963
can be calculated from the cumulative and the annual
Sr'O deposits for each of these years (table VII). The
yearly dietary levels weighted by population were 17, 26
and 38 pCi Sr'Ojg Ca in these years. The resulting dose
in 1963 was 25 mrads in new bone. This cannot be com
pared directly with doses to other tissues for which dose
commitments are calculated.

Strontium-89 and banum-140

175. Since the metabolism of Sr811 is the same as that
of Sril>, Sr" doses can be calculated from the mean
Sr8'jSrlHl ratios in milk by using the appropriate dose
rate factors. The Sr811 dose-rate factors for doses to bone
and bone marrow are, respectively, 1.5 and 0.33 mradjy
per pCi Sr'Ojg Ca in bone. The mean dose-increment
factor F for Srlli is 0.005. These values are the same as
in the 1962 report. The average Sr811jSrllO ratios in milk,
as estimated from the data in tables XVI and XVII, for

.the northern hemisphere in 1961, 1962 and 1963, were
2.6,4.5 and 1.8, respectively. Using these ratios as typical
for total diet (this will tend to over-estimate doses),
together with the mean diet levels of Srllo for 1961, 1962
and 1963 as given in paragraph 174, the annual diet levels
of Sr811 weighted by population are computed to be 44,
117 and 68 pCi Sr8l1jg Ca for these years.

176. The dose commitments computed by using the
last formula in paragraph 171 with the relative dose-rate
factors for Sr811 deposited in 1961, 1962 and 1963 are
0.43 and 0.09 mrad to bone and to bone marrow, respec
tively. During 1961 and 1962, some 7 MCi SrllO were
injected into the atmosphere, while the total amount in
jected up to 1960 had been 5 MCi. The dose commitments
due to Sr811 from all tests up to the end of 1962 can there
fore be estimated to be

127" X 0.22 = 0.74

to bone and 0.15 mrad to bone marrow.
177. As for SrllO, in addition to the dose commitments,

the annual doses from Sr811 in new bone can be calculated.
The average annual doses in 1961 and in 1962 were about
one-third of the average doses to new bone from Srllo
during these years. This estimate is based on a diet of
fresh milk and will therefore over-estimate the average
dose from Sr811• It should also be noted that the exposure
to Srllo is continuing while the Sr811 doses are limited to
a few years.

Caesium-137

178. The dose commitment from internal irradiation
due to CS137 is calculated on the assumption that the yearly
average CS137jK ratio in the body (0i) ('an be related
to the deposition of CS1S7 by the formula given in para
graph 134 and by using the average proportionality
factors Pr and Pie given in table XXVII. The total in
tegrated body burden in the northern hemisphere, 0",
will be
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Q.. - 1: Qc - (Pr + 2Pa.) 1:fc - (Pr + 2PaJ F...

C-l C-l

where F.. is the total expected deposit of CSUT (mCij
kml

) in the northern hemisphere. The total integrated
body burden for the southern hemisphere, Cl., is com
puted in a similar manner. Weighting these Cl.. and Cl.
values by population and total expected deposition in
each hemisphere, a weighted average world-wide inte
grated body burden of CSUT of 640 pCijyjgK, due to
all tests performed so far, is obtained.

179. As discussed in paragraph 122, for purposes of
dosimetry it can be assumed that the distribution of CSUT
in the body is uniform. The dose rate from one pCi
CSUTjg tissue maintained at constant level is assumed to
be 10 mrad/y, or, assuming an average body content of
140 gK, 0.02 mradjy per pCijgK, as given in the 1962
report. The calculated dose commitment due to internal
irradiation by CS137 is therefore 13 mrads for all tests
performed up to the end of 1962.

180. The assumptions used here in the calculation of
the dose commitment from internally deposited CsUT
differ from those used in the 1962 report. The resulting
figures are therefore not directly comparable. It is be
lieved, however, that the present estimate based upon
recent information is more satisfactory.

Iodine-131

181. The total accumulated radiation dose to the thy
roid (D) can be expressed by the formula

D = K X I X FX T,
m

where K = dose-rate factor in mrad/d per pCijg tissue;
F = fraction of ingested J131 reaching the thyroid; I =
total integrated intake of J131 in picocuries over any given
period of time; T = mean effective time of J131 storage
in the gland; m = mass of the thyroid. To calculate the
accumulated thyroid dose to the population of infants
and young children (table XXX, columns 6-8), the fol
lowing values for the parameters of the above equation
have been assumed:

K = 0.010 mradjd per pCijg; F = 0.3; I = product
of values given in columns 3-5 of table XXX and
assumed consumption of 0.71/d milk; T = 11
days341; m = 2g in the first two years of age.

The thyroid doses given in table XXX, based upon a
daily consumption of 0.7 I of milk, apply to the highest
exposed population group, i.e., those young children who
during their first year of life are brought up on fresh
milk.

182. It should be pointed out that slightly lower thy
roid masses3i2 and lower values for fractional uptake of
J131 than those assumed above2GO, 2G7, 343-34G have beer. re
p01'ted in recent studies. Furthet1Dore, it should be noted
that there are three sources of milk in infants' diet:
human milk, fresh milk from linimals such as goats and
cows, and dried or evaporated (stored) milk. Only fresh
milk of animal origin contributes Im to this diet. lit the
United States it has been shown that about SO per cent
of the infants consume fresh milk,218 and a similar figure
probably holds for much of Europe.soi For these reasons,
the figures in tahle XXX are substantially greater than
the average total dose to the thyroids of infants.

183. For lack of adequate data on milk consumption
in adults, doses from J131 have not been calculated in this
age group. It C3.n be noted, however, that they should
have been one or two orders of magnitude lower than



the doses in infants since the mass of the ~1and is approx
imately 10 times larger in adults than m children and
because the average consumption of milk is probably
much lower.

Radio-nuclides. in tn! reslnratory and
gastro-Intestinal tracts

184. Only a few determinations of PullSt and fission
products in the respiratory tracts of a very few indivi
duals have been published. The fragmentary information
a....ailable is summarized in table XXXVIII. The average
dose from all insoluble nuclides over the whole respira
tory system as estimated by using the data tabulated by
the International Commission on Radiological Protec
tion,SU was of the order of a few millirads per year in
1962 and 1963, assuming that the concentrations of the
nuclides as given in table XXXVIII were maintained
over the whole period. As the measurements were mostly
done in periods of peak concentration of debris in the
air, the effective mean concentration in the period 1961
1963 and the corresponding mean doses in the organ
would be lower than those in the table. Where nuclides
were determined separately in lungs and tracheo-bron
chiallymph nodes, the concentrations in the latter were
higher by an order of magnitude, implying a correspond
ingly higher dose rate.

185. No data on the total ingested activity of artificial
origin during the period 1961-1963 are available at pres
ent. As noted in the 1962 report, it is likely that the dose
to the intestines from fission products in the gastro
intestinal tract is negltgible.

Carbon-14
186. The natural production rate of CH, as was shown

in paragraph 60, is 2.6 X 1026 atoms per year. The radia
tion dose rate due to this natural CH is 1.64 mradjy to
the bone, 1.15 mradjy to cells lining bone surfaces, and
0.71 mradjy to bone marrow and soft tissue. These
quantities are the same as used in the 1962 report.

187. As shown in the 1962 report, the dose commit
ment Doo is given by

D", = 'Yo SI,
B

where 'Yo is th~ dose rate due to natural CH; B is the
natural production rate of CH; and Q is the total artifi
cial 0" inventory. As shown in table XV, the inventory
of artificial CH at the end of 1963 was about 65 X 1021

atoms. The dose commitment due to testing up to the
end of 1963 is therefore 410 mrads to bone cells, 290
mrads to cells lining bone surfaces, and 180 mrads to
soft tissue and bone marrow.

188. The dose received by year 1964 + t

D , = 1O-2'Yo [220 + fi(t)dt],

where f (t) represents the air activity of excess Cl' in
per cent above the natural level at time t years after 1964.
The dose is given by

D , = 10-2'Yo [220 + f: (2.5e-11·000121

+ 64e-o·0261 + 26e-o·351 - 26e-o·591)dt].
For t = 36, that is by the year 2000, the dose received
will be about 7 per cent of the dose commitment.

V. Summary

189. In this annex, most of the doses are expressed
as dose commitments. This concept has been used because
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it would permit the calculation of the number of injuries
expected in the future as a result of any given test series
if the population size to whom the dose commitment
applied and if the appropriate proportionality factors
characterizing a linear dose-eft'ect relationship with no
threshold were valid and known. The number of injuries
would then simply be the product of population size,
proportionality factor and dose commitment.

190. As discussed in the 1962 report, when the pro
portionality factor is not known, an alternative to the
calculation of the total number of injuries is through the
evaluation of comparative risks by reference to doses
from natural sources of radiation.

191. In the 1962 report, doses and dose commitments
were expressed in rerns. Since that time, the rem has
been re-defined by the ICRU and is no longer an appro
priate unit for the purposes of the Committee. In the
present report dose commitments are expressed in rads.
For radiations resulting from nuclear explosions, rad,
as used here, and rem, as defined in the 1962 report, are
numerically equivalent. In this report, doses from natural
radiation also are expressed in rads, and will therefore
be numerically slightly smaller than in the 1962 report
where they were expressed in rems. They are 99, 96 and
95 millirads to gonads, cells lining bone surfaces and
bone marrow, respectively.

192. The inherent difficulty in comparing dose com
mitments from nuclear tests with doses from natural
sources of radiation, arises from the arbitrary period
over which the natural radiation dose must be integrated.
In principle, several alternatives are possible:
(1) The dose commitment could be compared with the

natural radiation dose delivered over a period of
time equal to that over which a substantial part of
the dose commitment is delivered. This comparison
could be misleading in the sense that exposures
from future nuclear tests might overlap this period.

(2) As in the 1962 report, a comparison could also be
made with the natural radiation dose delivered
during the period of testing, with the justification
that it is the commitment incurred during' this period
which is relevant, irrespective of the radiation
source. However, this comparison may also be con
sidered unsatisfactory because the period is not
easy to define.

(3) A direct comparison between dose commitments
(millirads) and annual dose rates from natural radi

ation (milliradjye'lr) is hardly justified.
(4) An alternative approach, which was also used in the

1962 report and is followed here, is to express the
dose commitments in terms of the period of time
during which natural radiation would have to be
doubled to give a dose increase equal to the dose
commitment.

193. The dose commitments to the world population,
due to radio-activity released into the atmosphere as a
consequence of nuclear explosions carried out to the end
of 1962, when such tests ceased, are summarized in table
XXXIX. The dose commitments are given for specific
tissues for the most important of the radio-active sub
stances released into the environment through nuclear
tests. The dose commitments computed in the 1962
report for the period of testing 1954-1960 are tabulated
for comparison. For 0" it has seemed appropriate to
include only the dose which is accumulated up to the year
2000, at which time the doses from the other nuclides
are essentially delivered in full. The total dose commit-



ments for Cl' which will be delivered over thousands
of years are given in a footnote to the table.

194. If the northern and southern hemispheres are
considered separately, it is found that the dose commit
ments for the northern hemisphere (excluding the con
tribution from Cl' after the year 2000) are slightly larger
than those for the whole world population. On the other
hand, the dose commitments for the southern hemisphere
are much smaller than the world average (amounting to
20 per cent).

195. For all tests carried out before January 1963, the

periods of time during which natural radiation would
have to be doubled to give a dose increase equal to the
dose commitment to the world population amount to
approximately 9 months for the gonads, 32 months for
the cells lining bone surfaces and 20 months for the bone
marrow. These periods are not directly comparable with
the periods given in the 1962 report because they only
take into account that part of the dose from artificial et'
which is delivered before the year A.D. 2000. In addition,
the periods given in the 1962 report related to the test
period 1954-1961 and involved an assumption regarding
the testing practice in 1961.

TABLE I. SOME ESTIKATES OF MEAN STRATOSPRERIC RESIDENCE TDlES COMPUTED BY
ALTERNATIVE METHODS--

Mea" residePlCe Me/hod

Nudide
Year of tl:m~t TWI, of calcll-

measureme,,' HemisPhere ." :Years lalion Refere"ce

VV1u••••••••••••• 1959-1960 Northern 0.6 • 23
Srlll•••••••••••••• 1960 Northern 2.0 b 23,27
Srlll•••••••••••••• 1961 Northern 1.2 b 23,27
Srlll.............. 1963 Northern 2.1 b 23,419
Srlll..............1959,1961 Northern 1.4 27

VV!u••••••••••••• 1959-1960 Southern 1.8 • 23
Srlll•••••••••••••• 1959 Southern 2.3 b 23,27
Srlll ••••••••••••• 1960 Southern 2.8 b 23,27
Srlll•••••••••••.•• 1961 Southern 2.0 b 23,27

Srlll..............1959,1961 Global 2.0 a 27
SrllO•••••••••••••• 1960 Global 2.5 b 23,27
SrllO •••••••••••••• 1961 Global 1.8 b 23,27
SrllO•••••••••••••• 1963 Global 2.0 b 23,419

• Calculated from T m ... l/ln(ldI2), where 11 is the stratospheric inventory for May 1959
and h for May 1960.

b Calculated from T m ... l/[InI/(I-F») where I is the stratospheric inventory in January and
F the subsequent annual deposit.

a Calculated from T m = 1/ln(FdF2), where F 1 and F 2are the total d€posits in 1959 and 1961.

TABLE 11. ESTIMATES OF THE MEAN TROPOSPHERIC EXCHANGE TIME BETWEEN HEMISPHERES

Allthor Tracer used
Exchange lime

~'ears

Fergusson6e •••••••••••••••••••••••••••••••••••• Dilution of CH in atmosphere
by burning of fossil fuels < 1.8

Vogel and Mtinnich57 ••••••••••••••••••••••••••• Bomb-produced CH > 1-2
Mtinnich and Voge1141..••.••••••••••••••••••••••Bomb-produced CH < 1
Bolin and KeelingM·58 Fossil fuel CO2 > 0.9
J unge58 using data of Bishop et al.UO • •••••••••••••Tritiated methane 3.4

TABLE Ill. ApPROXIMATE FISSION AND TOTAL YIELDS (MEGATONS) OF NUCLEAR
WEAPONS TESTS CONDUCTED IN THE ATMOSPHERE BY ALL NATIONS 70

Fission yield To/al y,eld

Years Air Surface Air Surface

1945-51 ................ 0.02 0.5 0.2 0.6
1952-54................ 1 37 1 59
1955-56................ 5.6 7.5 11 17
1957-58..•..••......... 31 9 57 28
1959-60.••..•"•.........
1961 .••........••...... 25 120
1962 ................... 76 217

TOTAL 140 54 406 105
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TABLE IV. GLOBAL Sr- JNVENTOJly •• 10••

(M6f GCUriu)

May May Ajlril JaflNIWY
S,~1ftItHr JGflNIWY

1963 1964
1960 1961 196Z 1963 (p"lilfl.) (pr,lilfl.)

Stratosphere
Northern hemisphere

To 21 kr.-l.••••••..•..•••.• 0.25 0.22 1.11 4.51 2.61 2.7
21-30 knl..•...•..•....... 0.25 0.12 0.13 1.21 1.22 0.7

Southern hemisphere
To 21 km................• 0.25 0.26 1),21 0.42 0.70 0.4
21-30 km ................. 0.19 0.12 0.05 0.10 0.43 0.2

TOTAL, stratosphere 0.94 0.72 1.50 6.24 4.96 4.0

Troposphere.•................. 0.03 0.03 0.16 0.32 0.20 0.30

TOTAL, atmosphere 1.0 0.8 1.7 6.6 5.2 4.3

World-wide depositiona ••••••••• 5.0 5.2 5.8 6.7 8.6 9.0

TOTAL 6.0 6.0 7.5 13.3 13.8 13.0

a Estimates from soil samples have been increased by 15 per cent over those given in reference
23 to account for incomplete radio-chemical extraction. 105 These figures are an independent assess-
ment of the world-wide Srgo depos1tion and are not the ones used in tables VII and VIII.

TABLEV. AVERAGE MONTHLY AND ANNUAL Srgo D"'"":POSITION IN THE USSR 81,81,418

1961 1962 1962 19';3 1963
mCi/klll' mCi/km' p,r mOllth mCi/km' p,r mo"lh
p,rlllolllh

Allnual A,,"ual
4th 1st 211d 3"d 4th total Isl 2nd 3rd 4th lotal

Region of sampling quart., qua,,.tcr quart" quarter quarter mCi/km' quarter quarter quarter quart., mCi/kml

Murmansk region........................ 0.22 0.29 2.1 1.3 0.70
Leningrad region......................... 0.23 0.22 2.4 0.93 0.34 0.3 1.5 2.3 0.22 13.0
Moscow region .......................... 0.15 0.33 1.7
Kiev ................................... 0.40 0.40 1.8 1.6 3.0 0.6 21.0
Krasnojarsk territory..................... 0.11 0.5 3.0 2.3 0.4 18.6
South Sakhalin .......................... 0.24 0.19 1.0 1.0 1.1 1.7 2.9 3.0 0.9 25.8

Latitude regions of European and mid-Asian
USSR

60-700 N.•.......................... 0.7 2.7 2.6 0.5 19.5
50-600 N..•......................... 1.1 3.4 2.9 0.7 24.3
40-500 N..•......................... 1.1 3.3 2.9 0.8 24.3
37-400N .•••...........•............ 1.2 2.2 1.1 0.6 15.3

Average for USSR
mCi/kml ••••••••.••••••••.••••.••••.• 0.23 1.5 0.8 0.7 9.6 1.1 3.0 2.8 0.7 22.5

TABLE VI. LATITUDINAL DISTRIBUTION OF SrllO ESTIMATED FROM MONTHLY FAT~L'OUT COLLECTIONS 17,114,178. at

1961 1962 1963 1961 1962 1963
Latitude band mCi/km' lI,Ci/km' mCi/klll' Latitude band mCi/km' mCi/km' mCi/km'

80-700 N ...•...•...... a 1.5 4.0 l0-0°N..•............ 0.7 2.7 3.7
70-600 N .....••....... a 4.8 10.6
60-500 N ...•.......... 1.4 6.6 14.9 0-100S ............... 0.58 1.8 1.2
50-400 N .............. 2.0 8.6 16.3 10-200S .•.........•... 0.53 0.74 0.78
4o-300 N .............. 1.6 6.7 10.9 20-300S ...... , ........ 0.87 1.2 1.1
3O-200 N .............. 1.4 6.0 11.0 30-400S ........•...... 0.96 0.91 1.5
2o-100 N .............. 0.6 2.4 4.5 40-500S ............... 0.72 1.3 1.5

a Insufficient data avail~ble.
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TABLE VII. ANNUAL AND CUMULATIVE DEPOSITION OF STRONTIUM.go 17.10&, 1ft, ",, G.

SOllt".,." H""isp",,,. ToIal
D-SOOS SOOS-I/OON

Plriod MCi

1961.................................. 0.31
1962.................................. 1.3
1963.................................. 2.3
Cumulative total to 31 December 1963-... 7.9

- Corrected for decay.

",Ci/k",a

1.2
5.2
9.1

31

MCi

0.15
0.23
0.23
1.5

",Ci/k",a

0.77
1.2
1.2
77

MCi

0.46
1.5
2.5
9.4

TABLE VIII. CUlIULATIVE 8rlO DEPOSITION BY L....TITUDE BAND AS ESTIMATED FROM
SOIL DATA AND MONTHLY FALL-OUT MEASUREMENTS S7.lllt, 126, 178, 407, GD

(p"liminar3l)
Estimated from analysis of soil

samples collected between
June 1963 and March 1964'

Estimated from 1960 soil data
plus precipitatio" up 10

December 1963'

Latitude

70-800 N ..•......................
60-700 N , .
50-600N .
40-500N ..•......................
30-400N .
20-300N ..•......................
10-200N .
0-100 N .

Northern Hemisphere .

0-10°8 .
10-20°8.•........................
20-30°8 .
30-40°8.•........................
40-50°8 .

Southern Hemisphere .

TOTAL

.,.Ci/kma

21
32
51
58
47
40
24

8

5
5
7
9
7

MCi

0.2
0.6
1.3
2.0
1.7
1.6
1.0
0.3

8.7

0.2
0.2
0.2
0.3
0.2

1.1

9.8

MCi

0.15
0.6
1.1
1.6
1.6
1.7
0.7
0.5

8.0

0.3
0.2
0.3
0.3
0.3

1.4

9.4

- All the results from soil analysis have been increased 15 per cent to compensate for incom
plete chemical extraction.

TABLE IX. AVERAGE Csl37j8rUO RATIOS IN STRATOSPHERIC AIR AND IN PRECIPITATION

Before September
1961

After September
1961

Mean for precipitation collected at 20
sites in northern hemisphere45 , 78...

In stratospheric air over San Angelo,
Tex.,71 by balloon samplingb ••••••

In stratospheric air from aircraft
samplingll, 408 ••••••••••••••••• ••

January-August 1961 September 1961-June 1962
1.74±0.05a 1.42±0.04
(36 cases) (84 cases)

January-August 1961 January 1962-May 1963
1.77±0.06 1.51 ±0.03
(8 cases) (21 cases)

January 1959-March 1960 March 1962-0ctober 1963
1.71 ±0.03 1.59±0.02
(217 cases) (114 cases)

a Standard error of the mean.
b Each monthly ratio was based upon samples collected at several altitudes.
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TABLE X. DEPOSITION OF Csln AS COlIPUTED ItIlOll Sr" DATA GIVEN IN TABLES VII AND VIII

Pniod
MC. mCi/kml

SOll11ln1l B""Ss,1Ine To/Ill
0-5(/>S 5(/>S-8O"N

MCi mCi/km l MC.

1961.................................. 0.5
1962.................................. 1.9
1963.................................. 3.5
Cumulative to 31 December 1963-........ 13.2

- Corrected for decay.

2.0
7.5

14
52

0.25
0.30
0.30
2.5

1.3
1.5
1.5

13

0.78
2.2
3.8

15.7

TABLE XI. DEPOSITION OF STIl.ONTIUX-89 n.m. nl

1961 196Z 1963

Lalilu4e balld mCi/km l MC. mCi/km l MCi mCi/kml MCi

80-700 N •.........••..... - - 13 0.16 5.4 0.06
70-600 N •.......••.....•. - - 90 1.7 70 1.3
60-500 N .......•.....••.• - - 105 2.7 81 2.1
50-400 N •.•..•.••.•..••.. 58 1.8 135 4.2 103 3.3
40-300 N ................. 44 1.6 135 4.9 93 3.4
30-200 N .......•......... 33 1.3 107 4.3 80 3.2
20-100 N •...•.....•.....• 15 0.65 61 2.6 27 1.2
l0-0°N .............•.... 16 0.73 49 2.2 28 1.2

0-800N .....•...•..••... 31 6.1 95 24 63 15.8

0-100S................... 13 0.59 29 1.3 12 0.52
10-200S.................. 0.0 0.0 16 0.69 1.4 0.06
20-300S.. ; ............... 0.0 0.0 15 0.60 2.9 0.12
30-400S.................. 0.0 0.0 9.2 0.33 2.7 0.10
40-500S.................. 0.0 0.0 7.7 0.24 1.8 0.06

0-500S................... 16 3.2 4.4 0.86

- No data available.

TABLE XII. DEPOSITION OF Cstn, ZrgS, Bal40 AND eel « (mCi/km!) AT Ull..FORD HAVEN AND CHILTON,
UNITED KINGDOM, AND OF pill AT COll..TON 4Ii

Milford Haven ChiUOll
Rain Rain

Dale Gms Csll7 Zru Bau, Ce'u Gms Cs1l7 Zru Ba'" Ce'u 1111

1962
January ..•....... 12.1 1.2 25 5.1 21 10.6 0.91 26 3.2 9.8 -February .••••.•.. 2.3 2.3 6.8 0.3 5.2 0.9 0.15 2.8 0.14 2.2 -March••.••..•.... 9.6 2.1 26 0.5 17 3.3 0.54 7.8 0.10 6.9 -April•............ 5.4 1.1 4.3 - 8.8 4.1 0.95 8.7 - 10.7 -May •....•....•.. 6.6 1.7 3.0 - 16 4.3 0.80 5.3 - 10.3 -June .....•....... 3.4 1.0 4.2 - 12 0.5 0.27 1.3 - 3.8 -July............•. 4.5 1.2 3.2 - 7.5 2.8 0.81 3.1 - 6.7 -August ........... 11.4 !..5 5.5 3.5 18 11.3 1.3 4.4 1.2 14 -September .....•.. 13.7 1.2 7.1 18 17 8.1 0.77 6.6 13 6.7 40
October........... 3.3 0.38 6.2 13 5.5 3.5 0.29 3.4 8.4 3.3 8.4
November .•...... 8.68 1.0 14 33 14 8.3 0.73 13 34 14 7.5
December.••...... 8.75 1.2 20 35 23 5.2 0.51 20 21 12 12

1963
January .......... 2.3 0.4 7.9 3.7 6.8 2.8 0.62 13 8.5 15 1.2
February .....•.•. 5.5 1.6 16 4.5 21 1.0 0.57 5.8 1.0 8.3 -March............ 12.8 4.5 27 2.6 54 10.0 3.4 27 1.5 37 -April. ............ 10.9 3.9 24 0.1 46 5.6 2.9 15 - 32 -May••.........•. 4.8 4.1 15 - 52 2.2 1.5 5.0 - 19 -June •.•.......... 9.6 4.9 19 - 50 5.7 3.1 11 - 40 •
July.•.........•.. 5.2 2.0 4.8 - 26 4.4 2.1 4.2 - 25 -

- Not detected.
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TABLE XIII. SUK Qll' MONTHLY DEPOSITS (mCi/km') Qll' SHORT-LIVED ISOTOPES DUUHG 1962

Colhctiofl 3tati01l Sr" Zrll Rill.. Rill.. 1111 Ba
lf

' c,m C,l..

United States
Westwood, N.]."............ 240 390 160 305
Pittsburgh, Pa." •••••••..••. 190 290 360 290
Richmond, Cal."•...•..••..• 90 110 41 53 73
Houston, Tex." •..•.••.••••• 180 340 330 220 300

United Kingdom
Milford Haven"•....••.••... 161 125 108 165
ChiltonCl ••••••••••••••••••• 63 103 68 81 100

Italy
Isprall ••••••••••••••••••••• 131 270 190 190 110 350

TABLE XIV. DISTRIBUTION OF CARBON AND NATURAL CI( BETWEEN EXCHANGEABLE RESERVOIRS UI

Carbon reurvoir
Mass of carbon

(g/cm;)-
N olltral Clf content

(1027 atoms) Carbon reservoir
Mass of r.arbon

(g/c.,,~)-

Natural Clf contmt
(101T atoms)

Atmosphere.•..•.............
Biosphere (terrestrial) ..•.....•
Humus ..•.•••....••.........

0.12
0.06
0.20

40
19
55

Surface waters of ocean (above
thermocline) .

Remainder of ocean ...••.••..•

TOTAL

0.18
7.5

8.1

55
2,000

2,170

- Grammes per square centimetre of the earth's surface.

TABLE XV. DISTRIBUTION OF EXCESS Cl( BETWEEN RESERVOIRS AND TOTAL INVENTORY 1. u. It. tU

(1027 atoms)

July July July November May-June March-April July January
Reservoir 1957 1958 1959 1960 1961 1963 1963 1964

Stratosphere •.•.•••••.. 7.4 8.4 12.0- 6.4 8.1 23.6 26.7 22.0
Troposphere .•.•....... 2.5 4.0 6.7 10.5 11.8 24.5 28.4 26.0
Ocean- •••..•.•........ 0.5 1.2 2.2 5.1 6.2 12.1 13.4 15.4
Biosphere-.••.....•.... 0.1 0.2 0.4-- -- --

TOTAL 10.5 13.8 20.0 21.4 25.3 60.2 68.5 63.4

- Computed. In the case of ocean uptake, it is based on an annual 20 per cent oceanic uptake of the tropospheric CI( content.
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TABLE XVI. Sr- TO CALClUll uno IN JIILlt

TIN tNJltUS aN gims i1J PCilg Ca aM reprulfIl Y1Mly awragu 1Inlus oUImuis, iMicaled
Types of study: A-8ystematic widespread survey

B-8ystematic local survey
C-Irregular sampling

Rqio", GTlA or CONIllr,y Lctilxa.
TypeQ/

Rcfcrnu:c1961 1962 1963 slxdy

NORTH AlIERlCA••••••..••••••.•••• >15°N
Canada••••••••••.•••••..••••••. 4o-55°N 8.4a 19.4a 27.8a A 262,263
United States................... 25-48°N 7±2b l1:Hb 19±6b A 164

Alaska•.••.•.•••.•••••.•••.••• 62°N 7 9 18 A 164
New York City, N.Y•• '" .•••.• 6.7 12 26 B 165
Chicago, 111. ••••••••••••••••••• 4.3 7.0 14.1 C 165
San Francisco, Cat ••••••••••••. 1.7 3.5 10.2 C 165

Mexico•.••••••....•••••..••.•.• ......15-30"N 0.9 0.90 B 267

EUROPE •••••••••••.•• ............... >30oN
Austria••..•••••.••.•...•••.•.•• 47-49°N 10•.~ 16.9 A 268,386
Belgium••.•.....•...•.....•.... ......50oN 4.2d A 79
Czecho~o,~kia •.......•.••••..•• 48-51oN 4.60 8.4 f C 269
Denmark.••••••...••..•.....••. 55-60oN 4.1 10.lS, 23.8K, A 97,167,179

8.1b 24.1b

Faroes•..•••...... "" .•....••.••• 6o-70oN 68 131 A 98, 179
Federal Republic of Germany•...• 43-55oN 17.4- • 387
Finland..•..•..•.•.••.........•. 60-67ON 5.6b 13.Oh 22.7b A 270
France ..••.........•..••..•.... 42-50oN 7.9 16.8 26.7 1 A 282
Ireland......................... 52-55"N 21.51 23.7k A 169,272
Italy•...•..••.•••••• " .••.•••.• 37~7°N 5 "1 12.41 A 42, lOO, 101, 273.1

Netherlands.•....••.......•••... 52-54°N 4.4 9.3"" 24.511 A 274, 275, 388
Norway ..•.•..•.•.•••.•••.•...• 58-700N 12.1a 18.5a A 88,276
Poland ..•...•.....•.•.•...•.... 50-55°N 5.8h. D 7.8h• o A 183, 184
Sweden..•.•.•...........•...... 55-700N 26 C 277
Switzerland •.•.....•.......•.•.. ......47°N 7.7-18.9p 16.7a B 278,279
United Kingdom.................. 5'l-600N 5.9b 11.7h 25.6h A 168, 169, 280
USSR

Moscow region ................ ......55'N 4.4 6.4m B 281
Ryazan region........•...•.•.• ......55°N 6.1 r C

NEAR EAST •.•.•••..•.........•... >300N
IsraeL ..•.•.•...... , .......... , . 4.8u 8.7m C 283

ASIA
India, Bombay ..•......••..•••.• 200N 1.4 2.6 B 284,285

FAR EAST
Japan .•••....•••..•...•.•...••. 3O-500 N 8.8 14.9 AC 186,286,287,288,289

PACIFIC
United Stat,es, Hawaii........•... 21°N 4 4 9 B 164

CENTRAL AMERICA
United States, Puerto Rico........ 18°N 3 9 12 B 164

SOUTH AMERICA
Argentina (littoral area) .......... ......36°S 2.5 3.3 3.7 B 265

AFRICA
United Arab Republic............ 2o-300N 4.6s 7.7~ 16.0~ A 290, 291, 292

OCEANIA
Australia ....................... 10-400S 4.4a 5.9a 5.8n A 293,294,395
New Zealand.................... 35-47oS 4.9a 6.1a 7.1a A 295,296,389

• Type unknown. m January-June only.
a Unweighted mean for all stations. DAugust 1960-July 1961.
b Country.wide mean weighted by population. o August 1961-July 1962.
o February-July only. p Range of values for lowland and mountain regions, respec-
d July-December only. tively.
o Limited sampling over 9 months. r January-May only.
f Limited sampling over 4 months of 1962. u April-December only.
S Dried milk country-wide mean weighted by production. s Delta region, July-December only.
h Fresh milk country·wide mean weighted by production. ~ Average for delta region and Upper Egypt.
I January-August, unweighted mean for 7 collecting stations. YY January-February only.
l April-December only. I January-September only.
k September 1962-September 1963. II Country-wide mean weighted by consumption.
I Mean weighted by population.
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TABLE XVll. Srl" IN MILlt IN TlfE YEARs 1961. 1962 AND 1963
TM valUBS represmt yearly means in pCi/g Ca unless otherwise indicatBd

Type of study: A-Systematic widespread survey
B-Systematic local survey
C-Irregular sampling

RqioN, lIT,a or eOll"/1';)'
T~,of &1"111(;'

LBIih4th SI 19~Z 19~J s/lIdy

NORTH AMERICA
Canada ....•..•.........•. 4o-55°N 106b•• 32b A 262, 263
United States..........••.. 25-48°N 9:l:: 6a 38:l:: 34a 37:c 21a A 164

Alaska .....•............ 62°N 14 45 25 B 164

EUROPE
Denmark.................. 50-60oN 18b 48b 56b A 97.167.

179
Faroes ................ , ... 6o-70oN 333· 352 A 98. 179
Italy...................... 37-47°N 63a A 100.101
Netherlands ....•.......... 52-54°N 44b 32b. f A 246
United Kingdom ..•....•... 50-60oN 14()d. a 60" 45- A 168.169.

280
CENTll.AL AMERICA

United States. Puerto Rico .. 18°N 13 61 59 B 164

PACIFIC
United States, Hawaii.....•. 21°N 2 24 15 B 164

a Country-wide mean wei~hted by population :l:: standard deviation.
b Unweit>hted mean for al sampling stations.
"April- ecember only.
d October-December only.
a Country-wide mean weIghted by production.
f January-June.

TABLE XVIII. SrllO AND CALCIUK IN TOTAL DIET AND ITS COMPONENTS
Ca in grammes per day in brackets. SrN in pCi per day. SrllO/Ca ratio in tolDl diet :n pCi/g Ca. (column 10)

Types of study: A-Widespread survey of individual foodstuffs
B-Systematic widespread diet analyses
C-Regular local sampling
D-Irregular sampling

Milk aNd Frui/s aM To/al
milk kaIY Roo/ Misee1- T,Peo/ diet iN

Rlriolt. area or ,oIlNII';)' La/i/ude Year products Cereals Ie,e/ables lIelle/ables laNeous s/ud, PCi/, Ca Refer,NC'

NORTH AMERICA
Greenland•................. >60oN 1962 3.2 4.6 0.5a 0.2b 1.5-<i.6· A 6.6-9.9" 99
United States ............... 25-49°N (0.64) (0.16) (0.10) (0.04) (0.11)

New York City. N.Y..•.... 1961 4.8 1.8 1.1 1.0 1.4 C 9.7 165
1962 6.7 2.5 1.6 1.1 1.7 C 12.8 165
1963~ 18.4 6.6 2.6 1.3 2.8 C 30.0 165

Chicago. Ill................ 1961 2.6 1.9 1.1 0.7 0.9 C 7.1 165
1962 4.3 2.8 1.2 0.8 1.4 C 10.7 165
1963 8.4 6.4 2.0 1.1 1.5 C 19.2 165

San Francisco. Cat. ....•..• 1961 1.1 0.8 0.4 0.5 0.7 C 3.3 165
1962 2.4 1.5 0.4 0.5 0.8 C 5.2 165
1963 6.9 3.9 0.9 0.7 1.6 C 12.6 165

United States (institutional
diet sampling)t .•.......... 1961 B 7 366

5-11·
1962 B 10 366

5-20·
1963 B 22 366

9-35·
United States, Alaska (in-

stitutional diet sampling) •.. 62°N 1961 C 7 366
1962 C 12 366
1963 C 24 366
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TABLE XVIII. Sr1ll AND CALCIUM: IN TOTAL DIET AND ITS COllPONENTS (cordinuad)

Ca in grammes~ da~ in brackets. SrllO in pCi~ da~. SrllO/Ca ratio in total diet in pCilg Ca. (column 10)
Types of study: A-Widespread survey of individual foodstuffs

B-Systematic widespread diet analyses
C-Regular local sampling
D-Irregular sampling

Milk alld Fruits alld Tatal
milk uofy Root Misc",- Typ, of dW i1l

&lIioll. aria or COUlltry Latitude Y,ar Products C".als wg.tobl,s wg,ttWlu lallaOus study pCil1l CIJ Iqf".,,"
EUlI.OPE •••••••••.•••.•••••••• >300N

Austria .................... (0.52) (0.08) (0.05) (0.02) (0.04)
1961 5.9 2.6 0.8 0.5 A 13.8 268
1962 A 26.7d 297,386

32.7'
1963

Denmark................... 1961 3.1 3.8 1.5- 0.5b 0.4 A,B 5.9 167
1962 7.6 7.3 3.1- 0.5b 1.1 A 12.4 97
1963 17.9 28.0 4.4- 0.9b 2.0 A 31.3 179

B 30.8 f

Faroes.•••••••....•.•..••••• 1962 27.8 7.5 1.5- 2.7b 4.8 A 26.9 98
1963 54.0 27.8 2.2- 5.0b 7.1 A 58.5 179

Federal Republic of Germany. 1962 C 19.8- 298
1963

Franceu •••••••••••••••••••• 42-500 N (0.54) (0.07) (0.09) (0.04)
1961 3.9 1.6 0.9 0.4b A 9.2 374
1962 lU 1.8 2.1 0.5b A 16.9 374

Poland
Towns.•••..•..•.......•.• (0.43) (0.16) (0.04) (0.03) (0.04)

1961b 2.5 8.1 0.9 1.2b 0.4 A 18.2 184
19621 3.1 7.0 0.8 1.3b 0.4 A 1'1.8 183
1963

Rural areas ..........••••• (0.88) (0.22) (0.07) (0.04) (0.02)
1961h 5.1 10.7 1.3 1.6b 0.1 A 15.4 184
19621 6.2 9.5 1.4 1.6b 0.1 A 15.2 183
1963

United Kingdom...•.....•.•• (0.59) (0.05) (0.06) (0.02) (0.36)k
1961 3.4 1.0 0.6 0.6 1.0i A 6.2 168
1962 6.6 0.9 1.1 0.6 1.5i A 9.9 169
1963 14.6 3.4 2.2 1.3 3.2i A 22.8 280

FAll. EAST......••.........•••. 30-45oN
Japan ...•.•............•••. 1961 2.7 3.0\ 2.2 0.6m Dn 18.5 170,221

(0.05) (0.14) (0.08) (0.20)
1962 1.3 5.6\ 2.6 1.1m Do 17.8 170,221

(0.07) (0.28) (0.05) (0.20)
1963 1.7 9.41 3.5 0.8m DD 24.6 170,221

(0.05) (0.31) (0.07) (0.20)
AFRICA

United Arab Republic (delta
region) ............••.•.•• <300 N 1961 er 5.6 290

1962 C 10.8 291
1963 B 13.70 292

SOUTH AMERICA
Argentina (littoral area) •..•.. '" 35°S (0.45) (0.02) (0.11) (0.02) (0.06)

1963 1.7 0.5 1.2 0.4 0.5 B 6.5 265

OCEANIA
United States, Hawaii (in-

stitutional diet sampling) ... 21°N 1961 C 8 366
1962 C 10 366
1963 C 16 366

Australia .•..............•.. 10-400S (0.64) (o.o!:) (0.07) (0.01) (0.05)
1961 2.8 0.4 0.4 0.1 0.2 A 4.7 293
1962 3.8 0.3 0.5 0.2 0.1 A 5.9 294

- Fruits '\nd vegetables. m Including fish and shellfish, dairy products, eggs and meat.
b Potatoes only. nOctober 1961 in Tokyo only.
° Depending on the source of drinking water. ° Four sampling-series, at four locations each.
dTowns. P Three :;ampling-series, at four locations each, January-June
, Country. only.
f Country-wide mean weight:;d by population. r Second half of 1961 only.
- J uly-october sampling of daily diet in one of Munich's • Average for Upper and Lower Egypt.

hospitals. t Widespread dietary survey in 21 boarding schools in the
h August 196o-July 1961. United States based on composite diets of chiliiren and adoles-
1 AUf,ust 1961-July 1962. cents of 6-18 years of age.
J Inc uding drinking water and tea. U Representative of the southeastern region of France.
It Including creta praeparata. .. Range of yearly averages reported for individual schools.
I Including seaweeds.
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TABLE XIX. RELATIONSHIP BETWEEN RATIO OF STRONTIUK-90 TO CALCIUK
IN KIXED DIET TO THAT IN KILK

Couxtr./, lII',a or locaUo" 1960 1961 196Z 1963 Rtf",IU:'

NORTH AMERICA
United States (Tri-city study)

New York City, N. Y•••••.•.••.•...•.• 1.5 1.4 1.3 1.3 165,245,309,310
Chicago, Ill. •.....•.•.•••..•.•••....•• 1.4 1.9 1.8 1.5
San Francisco, Cal. ...•......•.•..•...• 1.7 1.9 1.7 1.2

United States (institutional
sampling project) ...................... 1.5 1.2 1.4 182,245,309,310

Etj3.0PE
United Kingdom ••..••.............•.... 1.0 1.0 0.9 0.9 169,280
Denmark.••.•••••.•..•...............•. 1.7 1.4 1.4 97,167
Poland.•..........................•.•.• 2.Sa 2.2a 183,184

3.2b 2.7b

Austria.•.••..•........•...•.....•.••... 1.3 268
FAR EAST

Japan.•...•..•....•.•.•••.•••..•...••.• 3.0 .....2.0 1,185,186
AFRICA

United Arab Republic (delta region) ...•••. 1.2 1.4 290,291
AUSTRALIA .•••...•..••.•.••.............• 1.2 1.1 293, 294

a Rural regions.
b Urban regions.

TABLE XX. SriO IN HUlIAN BONE
pCi SriO/g calcium

(Number of samples in parentheses)

Ntwbor.. Bon. "1'alia/or 0-1 1 Z 3 4 5-19 >19 studie
&11011, coulltr./ or ar.a Y.ar stillborn y.ar y.ar y.ars Years y.ars ",ars y.ars (adults) Re/.,'II.',T

NOJlTH AKEJlICA
3O-S0oN
Canada•..••........•. 1961 2.11 1.99 1.86 1.00 Vertebrae 318,319

(1) (5) (6) (87)
1962 1.25 2.20 3.24 1.61 1.21 Vertebrae

(4) (5) (7) (8) (36)
United States

NewYorkCity,N.Y•. 1961 3.43 2.67 2.34 2.05 1.74 1.24 0.83 Vertebrae 320, 321, 322
(8) (5) (2) (5) (4) (35) (7)

1962 3.81 3.05 2.68 2.61 1.93 1.84 1.00
(16) (8) (4) (10) (3) (26) (14)

1963
January-June 3.49 2.44 1.54 2.22 1.82 1.55 Vertehrae

(1) (3) (1) (1) (16) (2)
1963

July-December 6.81 9.84 5.03 3.41 2.41 1.55 Vertebrae
(10) (1) (3) (2) (10) (21)

Chicago, Ill.......... 1961 1.40 2.26 2.08 1.15 0.55 Vertebrae 320,321,322
(1) (I) (3) (9) (39)

1962 2.32 0.68 1.06 1.38 0.83
(1) (1) .(1) (10) (SO)

1963
January-June 0.74 Vertebrae

(2)
1963

July-December 3.51 3.70 2.76 2.42 1.19 Vertebrae
(2) (2) (3) (2) (10)

San Francisco, Cal. .. 1961 0.49 0.79 1.33 2.15 0.92 0.48 Vertebrae 320,321,322
(10) (3) (4) (2) (11) (45)

1962 1.07 1.27 1.02 1.18 1.15 0.89 0.73 Vertebrae
(26) (2) (6) (5) ~4) (19) (9)

1963
January-June 1.31 2.72 1.40 1.13 1.64 1.04 0.70 Vertebrae

(11) (2) (6) (5) (2) (11) (5)
1963

July-December 2.43 3.51 1.72 1.64 1.02
(21) (1) (3) (16) (17)

CENTRAL AKERICA
to-20oN
United States

San Juan, P. R ....... 1961 0.98 0.79 Vertebrae 320,!321
(23) (28)

1962 1.36 1.36 Vertebrae
(33) (13)
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TABLE XX. SrIO IN BUKAN BONE (COM"U14)
I'Ci S,IO/, calcium

(Number of samples in parentheses)

NlUlborlt Bo"eIYS-
a"dlur 0-1 1 Z J 4 5-19 >19 sllldie

Rc&;Oll. CO,,"try ur lJI'eo Year sliUbonc yCar yCar Ydars yCars Ydars yCars Ydars (adMits) R4fcr~1ICU

SoUTUAlmIUCA
>200s
Argentina (littoral area). 1961 0.71 0.77 0.75 Vertebrae 265

(17) (6) (4)
1962 0.83 0.66 0.76 Vertebrae

(7) (7) (2)
1963 0.77 Vertebrae

(23)
EUROPE

45-700 N
Czechoslovakia •••••••• 1961 3.2 3.7 2.3 2.5 1.6 323

(3) (1) (1) (1) (1)
Denmark. '" .•••••••• 1961 1.04. 0.82 Vertebrae 97,167,179

(19) (45)
1962 3.80 2.68 1.66 1.61 0.94 0.81 Vertebrae

(9) (1) (2) (1) (20) (78)
1963 2.80 4.23 2.17 1.53 Vertebrae

(11) (18) (13) (20)
Federal Republic of

Germany•••••...... 1961 0.88 1.23 1.12 0.38 Tibiae 204,324
(136) (35) (17) (30)

1962 1.16 1.87
(118) (25)

Norway •••••••••...•. 1961 1.43 1.91 2.16 1.59 1.18 Vertebrae 325
(11) (27) (17) (25, (14)

1962 0.99 3.60 1.83 1.99 1.05 Vertebrae
(9) (6) (3) (17) (5)

1963 1.80 7.1 3.7 Vbtebrae
(3) (1) (2)

Poland ••..•...•..•.•• 1961 1.77 2.59 -2.19- 1.92 2.04 1.18 Vert2brae 326,327
(58) (12) (8) (5) (28) (191)

1962 1.54 1.96 2.20 -4.00- 1.78 1.40 Vertebrae
(26) (29) (3) (1) (9) (160)

Switzerland••..•...••. 1961 (1.10 0.80 Ve;-tebrae and 278,279
J(12) (39) sternum

1962 1 0.58 Ribs
l (16)

1962 ( 0.92 Vertebrae
{ (21)

1962 l 0.68 Ribs
United Kingdom....... 1961" 0.81 1.67 2.60 2.54 1.71 1.67 1.10 0.33 Femora 328,329,

(282) (105) (24) (18) (7) (12) (68) (25) 330,331,373
1961b 0.69 1.83 1.00 0.68 Vertebrae

(9) (47) (30) (48)
1962 0.99 2.00 2.38 2.55 1.75 2.37 1.19 0.32 Femora

(230) (132) (22) (10) (3) (6) (44) (11)
1963 1.5 3.3 3.7 4.0 2.0 2.1 1.4 0.5 Femora

January-June (56) (73) (10) (6) (8) (8) (35) (9)
USSR" ..............• 1961 1.41 1.17 1.41 1.09 0.52d Different 399

(13) (7) (2) (6) (112) (normalized)
1962 1.62 2.13 2.51 1.77 0.85d Different 399

(62) (52) (14) (1,661) (2,071) (normalized)
1963 5.00 4.23 1.88 1.05d Different 399

(6) (7) (1,567) (4,142) (normalized)
FAR EAST

30-45°N
Japan ..............•• 1961 1.68 1.36 1.38 0.43 Ribs 332

(2) (9) (51) (92)
1962 0.880 1.86 1.38 0.44 Ribs

(5) (19) (36) (124)
1963 1.35 1.68 1.43 1.40

(17) (26) (12) (44)
OCEANIA

Australia
20-400S .•••••••...•• 1961 0.64 1.10 1.52 1.15 1.15 0.75 0.68 0.56 Vertebrae 293,294

(226) (273) (34) (24) (27) (12) (191) (879)
1962 0.69 1.36 2.04 1.06 1.20 1.15 0.81 0.55 Vertebrae

(203) (234) (27) (21) (11) (12) (234) (751)

• AERE, Scottish and Cambridg.~ results combined. normalized according to Kulp and Schulert,lllt in 1962 and 1963
b West London survey. according to factors developed by the authors. 400

• Including 4 foetuses. • Aver~e values for 9 areas in European and Asian territory
d Skeletal averages obtained from different bones. In 1961 of the U R.
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TABLE XXI. RATIOS OF SrlO/Ca IN INFANTS' BONE TO 'tHAT IN Kll.K FOll THE YEAll1962

Bo". S,oo/Ca
Cov~ ar ""alia" Milk S,oo/Ca.

Argentina •.....••.....••...................... 0.25
Australia. . . . . . . . . • . . . . • . . • . . . . . . . . . . . . . . . . . . . . . 0.24
Canada. . .•..•••••.•...•....................... 0.11
Denmark....................................... 0.42
Japan.......................................... 0.19
Norway. • • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.20

BcnuS,"/Ca
Cov~0' loco';,,, Milk S,IO/Ca

Poland. . .. ...................•..............•• 0.25
United K~ilgdom. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 0.17
United States

New york................. •••••••.••••••••••• 0.32
San Francisco. • . . . • . . . . . . . . . . . . . . . . . . . . • . . . . • . 0.30

TABLE XXII. COMPAllISON OF SrlO IN DmT AND ADULT BONES (VERTEBllAE) IN THE PERIOD 1961-1962
(Number of bone samples in parentheses)-

Cov"lry or localiOll

Australia .

Denmark .

Poland .

United Kingdom ..........•.....................

-1961 only.

S,"/Cadi.,
S,"/Ca bolles

1961-196Z

9.4
(1630)

11.1
(123)

13.9
(351)

10.2
(48)

56

S,.O/Co diet
Co""lry or location S,"/CabmiU

1961-196Z

United States

New York City, N. Y••..• " • •• • •. ••• . .. •. . . ••• 12.2
(21)

Chicago, Ill.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13.0
(89)

San Francisco, Cal.. . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.1
(22)



TABLE XXIII. CSll7 IN HILE

The rolues are given in PCi/l and represent 'Yearly averages unless otherwise indicated
Type of study: A-Systemat!c widespread survey

B-Systematic local survey
C-Irregular sampling

Region, ar.a T:tP. of
or ccuntr:t Latitude 1961 196Z 1963 s..,d:t Refor.ne.

NORTB AMERICA
Canada ............•. 40-55oN 81.4" 172- A 262,263
United States.......•. 25-48°N 10:1: llb 43 ± 18b 111 :I: 37b A 164

United States, Alaska 62oN 10 37 117 B 164

EUROPE
Austria............... 47-49°N 490 1000 A 268,386
Denmark..........•.. 55-600 N 14- 430 ,<1 1070 ,<1 A 97,167,179

35·,· 112'"
Faroes•.............. 60-700 N 535 f 974 f A 98,179
Federal Republic of

Germany...•.••••.. 43-55°N 127' • 387
Finland .............. 60-67ON 21()C C 299
France...••.....•.... 42-·500 N 25°,<1 67°,<1 220b A 428
Ireland.............•. 50-55oN 771 A 169
Italy.................. 37-47°N 32b SOb A 42,100,101,

273
Netherlands•..•...... 52-54oN 54b 155b A 246,275,388
Norway.............. 58-700 N 750 ,., 1500

," A 223,367
4440 ,1

Sweden••.•.......... 55-700 N 30 75m 185m A,B 214,277
(1961)

Switzerland, Geneva ... ,..,,46°N 103" B 300
United Kingdom ...... 50-600 N 21 0 62° 1350 A 168,169,280

CENTRAL AMERICA
United States

Puerto Rico .•••.••• 18°N 5 40 88 B '164

OcEANIA
United States, Hawaii. . 21°N 10 27 73 B 164
Australia............. 10-400S 30b A 397
New Zealand ......... 35-47°S 56 :I: lOO,' A 295,296,389

FAR EAST
Japa.n...••••.••.••••. 30-500 N 57 119 Ao 186,286-289

ASIA
India, B.>m bay.••••••• 19°N 9.0 8.8 B 284,285

AFRICA
United Arab Republic•• 20-30aN 12.0 A 291

SOUTB AMERICA
Argentina (littoral area) 35-55oS 17 19 13 B 394

• Type unknown.
- Unweighted mean for all milksheds survered.
b Country-wide mean weighte1 by population :I: standard deviation.
a Country-wide mean weighted by prOduction.
<I Dried milk.
- Fresh milk.
f Locally produced (avera~ consumed in 1962--412 pCi/l).
• Non-weighted average 0 3 milksheds for the period October 1962-July 1963.
b Described as "laits departementaux".
I April-December only.
., February-March only.
I March 1963-February 1964.31 stations regularly surveyed.
ID Country-wide mean weighted by consumption.
D Milk supply of Geneva, June-December only.
a Non-systematic sampling.
• January-September only.
• uly-December only.

57



TABLE XXIV. CstlT IN TOTAL DIET

l'ea"" UfleTage values are gif/en in pCi/day unless otherwise indicated
Type of study: A-Widespread survey of individual foodstuffs

B-Systematic composite diet analyses
C-Irregular sampling

Milk TYPe
alld dairy Miseel- 0/

Re,ioll, area or eout!"" Latitude Year jJroduels Meal lalleous Total study Re/creme

NOllTH AlmlUCA
Greenland••••.••••••..•••. 6o-S0oN 1962 9 43 16-21- 6S-73 A 99
United States..•.•.• ...... 25-49°N

New York City, N. Y•••.•• 1963 b 82 2 72 156 C 165
Chicago, Ill•••...•••••••• 1963 a 42 23 51 116 C 165
San Francisco, Cal••••.••• 1963 d 36 26 116 278 C 165
United States (institutional

diet sampling) m •••••••• 1961 28 B 366
(11-134)" jIl.-'1ll

1962 49 B 366
(11-100)"

1963 140 B 366
(45-270)"

United States, Alaska (insti-
tutional diet sampling) •••• 62oN 1961 46 B 366

1962 42 B 366
1963 140 B 366

EUROPE
Denmark.•••••••••••••.•.• 50-600N 1962 20 27 19 66 A 97

1963 50 94 114 258 A 179
Faroes .•..•..•••.•..••••.• 6o-70oN 1962 166 401 84 651 A 98
Finland, Lapland••••..••.•. > 68°N

Males....•.•.•.....•••.. 1961 210 4,330 460- 5,000 A 226
Females......•.....•.•.• 1961 140 1,440 320b 1,900 A 226

Sweden•.•... , •••...•.•.•. 1"oJ55-70oN 1962 • 95 50 70 215 A 214
1964 f 90 75 100 265 A 277

United Kingdom .•..••••••• 50-600N 1961 9 11 11 31 A 280
1962 26 40 16 82 A 280
1963 57 70 40 162 A 280

AFRICA
United Arab Republic (delta

region) •.•..•••.••••••••• <3noN 1962 "" 34 C 291,393

FAll EAST
Japan.........•......•••.• 3O-500N 1961 i 12 J 53 65 C 170,·221

19621: 17 J 61 78 C 170,221
1963 I 20 J 67 87 C 170,221

OCEANIA
United States, Hawaii (insti-

tutional diet sampling) •.•• 21 oN 1961 32 B 366
1962 39 B 366
1963 95 B 366

SOUTH AHEmcA
Argentina .•••••.•••••••••• 1"oJ35°S 1961 11.6 20.2 8.6 1"oJ40 B 301

- Depending on the source of drinking water. J Dairy products, eggs, meat, fish and shellfish.
b November 1963. 1: Data for 1962 include 4 series of sampling at 4 locations in
• October 1963. Japan.
d December 1963. I Data for 1963 include 3 series of sampling at 4 locations dur-
• Late summer of 1962. ing the period January-July.
f January 1964. m Widespread dietary survV in 21 boarding schools in the USA,
11 Including 420 pCi/d with fish. based on composite diets 0 children and adolescents of 6-18
h Including 310 pCi/d with fish. years of age.
I Data for Tokyo, October 1961 only. " Range of yearly averages reported for individual schools.
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TABLE XXV. BIOLOGICAL HALF-LIFE OF CAESIUll IN ADULT:&lIAN AS DETERMINED BY WEOLE BODY COUNTING TECHNIQUES

(Long-term comptmenl of retentinn)

Alltlwr

Number
0/ persons

studied

Half-life i1l days
(range in

parentheses) Author

Nllmber
o/Persons

studied

Half-life ;11 days
(ra1lge i1l

parentheses)

LidenKfo••••• ••••••••• ••••••••••• 1
RichmondUl••••••••••••••••••••• 4

RundotID•• ••••••••••••••••••••• 10

JtundotlD. . . . • • • • • . . . • • . . . . . . . . • . 4

McNeiIAl ••••••••••••••••••••••• 3
Miller'"......................... 2
Millerlll.......... ... ..... .. ... .. 2

74
135

(110-147)
89

(58-129)
,..., 119
(109-149)

115
110
88

(82,95)

59

OberhausenUl••••••••••••••••• ••• 1

Rowell7••••••••••••••••••••••••• 1

Van Dilla et al.as.. " . . . . . . . . . . . . . 3

Taylor et al.ut • • . . • • • • • • • • • • • • • • • 4

Colardl1S• • • • • • • • • • • • • • • • • • • • • • • • 2

Liden17s••••••••••••••••••••••••• 8

Hiisanen et al.rIO••••• • • • •••• •••••• 6

144

150
,..., 140

109
(79-123)

99

72
(32-92)

63
(42-93)
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TABLI: XXVII. PROPORTIONALITY FACTOltS RELATING Csllf/K RATIO IN THE BtllIAN BODY

TO Till: AVERAGE FALL-oUT OF Cstl't IN LATITUDINAL BAND 30°-60oN

p~ -current fall-out rate factor in the 12·month period ending 1 July of given year
Ph-factor for deposition over previous 24 months
Both factors in pCi Cstl't/gK per mCi/kml

Belgium ••••••••••••••••.•.••.•••.....••.•..•.•
Federal Republic of Germany••••.•...•..••..•..•
United Kingdom, Berkshire••..••..•••..•••.•....
United States, New Mexico ..

2.25
1.94
1.54
1.79

2.42
3.35
2.90
3.47

Average 1.88~ 1.9 3.04~3.0

TABLE XXVIII. 1111 CONTENT 011 BUKAN THYROIDS AS DETEDlINED BY pod morlem i" rilro COUNTING

~Ci/I fresh tissue
(Number of samples in parentheses)

191U

New York City, accident C3l1eS.. ......U.5h 2.2
(20) (26)

New York City, adult hospital
patients. . •• • . • . • . • . . . . . . . . • . 2.3

(4)

196Z

Sept",.ber Oclober NON"'ber Decembu lU/ereru:.

199& 29.0 4.7 20.0
10.5-630.0 0-61.0 0-13.1 HO.5 249

(4) (7) (4) (2)

5.8 248,249
(82)

1.6 ::l: 1.5 248,249
(7)

26:!: 17 249
(5)

2555.6
(52)

New York City, foetal thyroids,
prenatal age from 3 months to
fun term•.•••...•••.•••••.•.

New York City, children, hospital
and accidental deaths..•••••••

Tokyo, hospital patients •.••••••

• Data starting 20 September. Negative results from preceding
period omitted.

b Calculated from reported data on total activity in gland, and
from average weight of thyroid in adults given in the same
reference.
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TABLE XXIX. IUl IN TBYll.OmS
In vivo eou,.ti", teelJf'iqus

(Number of subjects in parentheses)

Awrag.milk 1\1\ ;11

Loca/ioll 01ld or.
Period of cOlISump/ioll ill /hyroids

m.asurc_1I1.r li/rn per day pC. Rlfer.llC.

UNITED STATES
New York City, N. Y.

Adults •••.............. November 1961 0.25-1.0 57::1:: 33 248
(6)

New York City, N. Y.
Adults••...••..•....... November 1961 Very low 4.3 ::1::4.9 248

(3)
New York City, N. Y.

Below}8 years.......... November 1961 '" 1.0 83::1:: 29 248
(16)

UNITED KINGDOM
London, Sutton

Adults ...••...••••••.•• November 1961 '" 6.25 250- 254
(20)

UNITED STATES
Utah

Adults .....••••.••••••• 1-6 August 1962 1.3 5,900 250
3,700-11,000

(14)
Utah

Adults••..•....••••..•• 22-31 August 1962 1.3 3,600 250
700-10,900

(12)
Boston, Mass.

4-17 years •.•••.•..•••• September 1962 No(apecified 30-56b 260

Boston, Mass.
4-17 years.............. , October 1962 Nots~fied 71-124b 260

Boston, M!<ss.
4-17 years••.••••.•..•• November 1962 Not specified 75-175b 260

New York City, N. Y.
Adults ................. October 1962 0.8 300::1:: 130 249

(11)
FEDERAL REpUBLIC OF GEDlANY

Adults
(municipal water supply

system) •.••..•.•••.•• September·October 1962 <0.5 <50 256
< 30-170

(16)
Adults

(water supply from
cisterns) .............. September 1962 '" 1.0 -300 256

< 30-700
(18)

Infants fed fresh cow's milk October 1962 64 256
10-100
(5)

• Peak level. Integral activity in thyroids from September 1961 to January 1962 - 15 nano
curie days.

b Range of means reported from measurements on group of children, performed on different
days of the period.



TABLE XXX. lilt IN IIILJt AND THYJtOlD DOSll:S

Ti_ i,",,,,," Cl! ClIltMlal#J raf!;a/ioll dw#s
1111 tOIf(#lItraliOll ill i'9Gll/s tOIl$MlIlii1i
ill .ilJr ill :'Ci d~' 0.7 11l7# tl(. /ffslt Ill'

(pitonu-N X G~s/ ihv) P#I' d4~ ",illirGd$l

&,iOIl, CONIlIry or _ Lalitlcd. IHl .:HJ IHJ 1961 IH,? IH3 &/cffltt.

NORTH AMElUCA
Canada•••..•..•..•..••••• ......40-55°N ...... 6,1 ()()a 7,350 70 85 302,303
United States..•••••.•.•••• 25-l8°N 8,220b 10,820b l,7oob 95 130 20 164
United States, Alaska .•.•... 62oN 21,500 37,800 1,800 250 440 21 164

EUROPE
Denmark.•••••••..•....... 55-600 N 3,160 36 97
Federal Republic of Germany 43-SsoN 7,350 6,160k 85 71 256
France..••••••..•......... 42-500 N 12,250 9,630 140 110 282,390
Ireland (northern Dublin

zone) .•...............•• 52-55ON 6,0700 70 169
Italy...••..........••.••• 37-l7°N 8,600- 9,1O()d 100 110 247,304
Netherlands ............... 52-SolON 9,520 5,180 110 60 274,391,392
Norway•.•.......•........ 58-700 N 20,0001 230 276
Sweden ................... 5S-70oN 8,600 100 214
United Kingdom ........... 50-600 N 8,100 6,890 94 80 305,306

FAR EAST
Japan.................•.•. 30-S00N

Chiba..•................ 13,300
'

150 185,255
Tokyo .................. 5,OOOb 10,500- 58 120 185,255

CENTRAL AMERICA
United States, Puerto Rico ..• 18°N 2,750 4,560 2,950 32 53 34 164

PACIFIC
United States, Hawaii ....... 21°N 2,130 4,410 2,220 25 51 26 164

SoUTH AMERICA
Argentina, Buenos Aires ..••. 35°S • 4,450 51 307

OcEANIA
Australia ...............•.• 10-400S 9501 11 308

• Not detected. 1 September 1962-March 1963.
• Ontario area only. • Au~ust 1962-February 1963.
b Country-wide average for children 0-2 years old weighted b Estimated for October-December 1961.

by population. I May-November 1962 average weighted by population.
° September 17-December 17. I September-November 1961.
d September 1962-February 1963. k January-October 1962.
• October-December.

TABLE XXXI. LATITUDINAL POPULATION AND FALL-OUT DISTRIBUTION IT. 1114. !H. 171

Sr'. deposition mCi/km' Sr8' depositioll mCI/kml

Area Populatioll Cumulative
Latitude (l01 kml ) (millions) to 1960 1961 196Z 1963 1961 196Z 1963

60-70u N •.•......... 19 10 10 1.4 4.8 10.6 39 90 70
50-600 N ............ 26 270 9.7 1.4 6.6 15 38 105 81
40-500 N ............ 32 400 17 2.0 8.6 16 58 135 103
30-400 N .•.......... 37 530 23 1.6 6.7 11 44 135 93
20-300 N ............ 40 570 26 1.4 6.1 11 33 107 80
10-200 N .........•.. 43 190 6.4 0.6 2.4 4.5 15 61 27
0-100 N ..•......•.. 44 90 4.3 0.7 2.7 3.7 17 49 28
0-100S............. 44 95 5.3 0.6 1.8 1.2 29 12

10-200S............. 43 38 2.7 0.5 0.7 0.8 16 1.4
20-30°5.......•..... 40 34 4.0 0.9 1.2 1.1 15 2.9
30-40°5....•........ 37 32 4.8 1.0 0.9 t.S 9 2.7
40-50°5............. 32 3 5.2 0.7 1.3 1.5 8 1.8

64



TABLE XXXII. ESTDlATBS OF TBB Z FACTOltS

Srn SrI'
Cllllllllcli..

101HtJ 1911 1HZ IHJ 1901 1HZ IHJ

NOll.TBltItN BltMISPBltJUl:
Mean deposition F, mCi/km'•. 17.6 1.2 5.3 9.7 33 9S 62
~NIFI""""""""""" 42,540 2,970 12,970 23,700 80,130 231,400 165,900
ZN ••••.•.•••••••••••.••.••• 1.17 1.17 1.20 1.18 1.18 1.18 1.27

SoUTB1tItN BltMISPBltJUl:
Mean depositionF, mCi/km'•. 4.3 0.8 1.2 1.2 16 4.4
~N~l..........•........... 907 137 270 233 4,180 1,380
Za•• •••• •••••••••••••••••••• 1.07 0.94 1.13 0.97 1.30 1.54

GLOBAL
Mean deposition F, mCi/km'•. 11 1.0 3.4 5.6 16 58 37
~NIFI...•.................. 43,000 3,240 13,200 24,000 80,130 274,000 167,000
ZT•• •• •••.• ·•·• •.•• •• ..••••. 1.75 1.45 1.74 1.82 2.16 1.78 2.00

TABLE XXXIII. TOTAL INTEGR.~TED DEPOSITS OF SrN AND CSI17 UP TO
DECEMBER 1963, AND PREDICTED FUTURE DEPOSITS

(Megacuries)

0-800 N 0-5OOS SOOS-8ooN

Sr" CSlS7 Sr'o CslI7 SrH CS"7

Integrated deposit to December 1963 8.6 14.1 1.7 2.7 10.3 16.8

Expected future deposit, based upon
stratospheric inventory, January
1964...•••••................•••. 3.0 4.5 0.9 1.3 3.9 5.8

Expected total integrated deposit .... 11.6 18.6 2.6 4.0 14.2 22.6

TABLE XXXIV. MEASURED ANNUAL AIR DOSES (mrad/y) FROM FISSION PRODUCTS 161·111

Country 196.1 1962 1963 Country 1961 1962 1963

Japan Sweden·..........•.....• 5 17 21
Tokyo................. 8.2 31 23 Region A.....••....... 4- 12 18
Chiba................. 40 40 Region B......•....... 5 17 23
~okosuka.............. 26 Region C.............. 6 16 23

United Kingdom
Region D ......•......• 3 24 18

Leeds................. 4 19 20 Average dose in northern
Grove................. 5 27 31 hemisphere weighted by

population·............ 5.2 26 23

• These doses are corrected for the latitudinal distribution of fall-out, using the srU deposition data in table XXXI.
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TABLE XXXV. RATIOS OF THE ANNUAL DEPOSITS OF SHORT-LIVED FISSION PRODUCTS
TO THE ANNUAL DEPOSITS OF SrI' DURING 19621'1, u. n,"It. 11

T," RN'" RIIIN llll Balte C,I41 C,Ut
Coll«/iOOl sl.tioll :s;n -:;;u s;:ii" :s;ii sru S;U S;U

United States
\Veltwood. N. l .......... 1.6 0.7 1.3
Pittsburgh. Pa.•..•.•.••• 1.5 0.72 1.9 1.5
Richmond. Cat. •••.•••.•. 1.2 0.45 0.6 0.8
Houston. Tex••.••••••••• 1.9 1.8 1.2 1.7

United KinKdom I'~

Milford Haven••.••••..•. 0.78 0.67 1.0
Chilton .•.•••....••••••• 1.6 1.1 1.3 1.6

Italy
Ispra ........................... "" 2.1 1.4 1.4 0.84 2.7

1962 average ratio RI •..•.•• 1.5 1.4 0.9 1.1 1.3 1.0 1.5

TABLE XXXVI. ESTIllATED AIR DOSE COMMITMENTS FROM SHORT-LIVED RADIQ-NUCLlDES It. n. n. 'N. ft. III

Dos,
eOlllMit_1lI.f

Radio-,ulclick z,·· RII'" RIIIII 1111 Bau, e,m C,'u <-ad)

Gamma ray
dose constant, Kl X BI
mrad/y per mCi/km'••.••.•••• 0.3lJa 0.062 0.03 0.05 1l.39- 0.008 0.004

Mean life years, Tm.............. 0.26 0.16 1.46 0.03 0.05 0.13 1.15
T. X Kl X BI X GB............. 0.094 0.012 0.053 0.0019 0.024 0.0012 0.0055

1961
A nnual deposit

Annual srS' deposit .......... 1.7 0.8 0.2 0.8 1.8 1.6 0.5 7.4Dose commitment mrad .•..•. 5.1 0.32 0.3 0.05 1.4 0.06 0.16

1962
A nnual deposit

Annual Sr8& deposit .......... 1.5 1.4 0.9 1.1 1.3 1.0 1.5 27.2Dose commitment mrad .•..•. 14.4 1.7 4.9 2.1 3.2 0.1 0.8

1963
Annual deposit Ru1lle CeUt

Annual srS' deposit ..•••...•• 1.5 0.4 CeUt = 0.7 -- -18 15.5SrllO

Dose commitment mrad...... 8.5 0.3 5.8 0.9

• The gamma-ray dose constants include the dose due to daughter radio-nuclides such as Nb" and Lauo. In the case of ZrM +Nb-
transient equilibrium is assumed. .

TABLE XXXVII. PROPORTIONALITY FACTORS USED FOR PREDICTING FUTURE
SrllO/Ca RATIOS IN TOTAL DIET

Diet type

I

11

III

Area

North America
Europe
Oceania

Near East
India
South America
Africa

Asia and Far East

Pd
(pCi/g per mCi/km')

0.4

0.6

0.7

66

(pCi/g for oHe f.:Ci/km 2 per year)

1.3

2.6
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TABLE XXXVIII. RADlQ-NUCLIDES IN RESPIRATORY TRACT AND ESTIMATES OF DOSES

Wegst,' al..•.•...•......• March 1963

Osborne It al. .. .. .. .. .. Spring 1962

Rundo January 1962
Schonfeld (quoted) Fea>ruary 1962
Liebscher It al. . . . . . . . . . . . . 1960

Do,e ra'- &iv-
_ad/y ,11&,

Lungs: 0.06-0.5 346
Lymph nodes:

1.1-6.4
0.016 347
2.4
2.9 348
2.0

Lungs: 0.7 349
Lymph nodes:

17

1-7 350

0.5-3
3.4

11-65 X 10-1

dpm/g tissue

156 pCia

106 pCi
173 pCi

1.3-11.9 X 10-1

dpm/g tissue

0.16 pCi/person
250 pCi/person
300 pCi/person
200 pCi/person

0.03 pCi/g tissue 0.7 pCi/g tissue

lsoloP.

Put.
Zrlll + NbM

Zr16 + NbM

Zr16 + NbM

Cel44 + Prl44

Cel4l

Cel44 + Prlt4

RUlN
RulOl + Rh101

Zr16 +NbM

1958-1959

Aallhor

Krey" al•••••............

a In one lung cleared of bronchial lymph nodes.

. TABLE XXXIX. DOSE COMMITMENTS FROM NUCLEAR EXPLOSIONS a

Dose co,"milmenls (mrad)

For puiod of lesling For Period of lesliNg
1954-1960 (eslimaus 195-1-1962

Tisstl.e SOllrce of radialia" from 196Z reporl) (n,., ,slimales)

Gonads External, short-Iivedb •••••• 11 21
CSU7••••••••••••• 16 29

Internal, CSU7b••••••••••• 8 13
ClC..•...•.••...• 5" 13"

TOTAL 40 76

Cells lining bone External, short-Iivedb •••••• 11 21
surfaces Csm. ............ 16 29

Internal, SrlG ••••••••••••• 67 174
CSU7b •••••••••••• 14 13
Ctc........•..... 8" 200
Sr"....•........ 0.15 0.30

TOTAL 116 257

Bone marrow External, short-Iivedb •••••• 11 21
CS1l7••••••••••••• 16 29

Internal, SrlG•••••••••••••• 33 87
CSl37b ••••••••••• 10 13
Ctc......•....... 50 13"
Srst •••••••••••.• 0.07 0.15

TOTAL 75 163

Paragraph

163
165
179
187

163
165
173
179
187
176

163
165
174
179
187
176

a In the 1962 report, these doses were reported in mrems. As explained in paragraph 191, the
doses in the present report are all given in mrads.

b The dose commitments from short-lived nuclides and from internal Cs137 have been calcu
lated on a slightly different basis in this report (paragraphs 162, 178) as compared to the 1962
report.

o For Cl4 it seems to be appropriate to include only the dose which is accumulated up to year
2000, at which time the doses from the other nuclides will have essentially been delivered in full.
The total dose commitments from Cll from tests up to 1960 for the gonads, cells lining bone sur
faces and bone marrow are 48,80 and 48 mrads, respectively. For all tests up to the end of 1962,
the dose commitments from C14 are 180,290 and 180 mrads, respectively.
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I. Introduction

1. The purpose of this survey is to review data on
the risk of induction of cancer by ionizing radiations
in man, with emphasis on information either new or
not discussed in detail in the 1962 report of the Com
mitteea to the General Assembiy.l.b

2. Most of the information available on tumour in
duction by radiation in man and experimental animals
comes from studies of the effects of high doses of radia
tion, that is, doses of hundreds of rads and greater.
From these data it is known that ionizing radiation in
high doses may cause or contribute to the induction of
cancer in widely diverse types of mammaiian tissues,
though the susceptibility of the different tissues varies
greatly with genetic and physiological factors.

3. Few data are available at low doses of radiation
(doses of the order of 10 rads and less), and the extent
to which radiation has a general carcinogenic effect at
low doses is a matter of speculation.

4. The mechanisms of carcinogenesis in general are
not well understood. However, the evidence is that the
neoplastic change occurs at the cellular level and is fre
quently associated with observable modifications in cell
structure (particularly chromosomal constitution) and
function. A variety of carcinogens, including chemicals
and viruses as well as ionizing radiations, produce struc-

• Official Records of the General Assembly, Seventeenth Se~
sion, Supplement No. 16 (Aj5216); hereinafter referred to as
the "1962 report".

11 Superscripts refer to the corresponding entries in the bibliog
raphy at the end of the present annex.
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tural and functional changes which appear to be similar
in nature.

5. Among the mechanisms likely to be of importance,
which include systemic as well as local factors, are
(a) direct cellular injuries, including changes in genes
and chromosomes; (b) promotion of growth and devel
opment of cells with malignant potential through local
injurious effects on related cellular systems and stroma;
(c) complex perturbations of cellular and tissue homeo
stasis; (d) systemic influences and effects on distant
tissues and cells which may result in altered immunologi
cal mechanisms, endocrine disturbances, and changes in
metabolism and nutrition.

6. Radio-biological investigations suggest that rela
tively large doses of radiation are usually required to
cause severe systemic effects or produce observable
changes in tissue structure and function. Such high
dose effects may play a major role in the production of
the neoplasms that are superimposed on chronic radia
tion-induced tissue changes. However, in so far as can
cer may result from low doses of ionizing radiation,
the major mechanisms would presumably be more con
sistent with the production of malignancy as a result
of mutations, of chromosomal injuries or possibly of
changes enhancing the susceptibility of cells to trans
formation by viruses.

7. Radiation-induced tumours are indistinguishable
in general from cancers arising from other causes. Fur
thermore, as noted above, there may be common basic
mechanisms. These two considerations affect both the
type of statistical data that can be obtained in clinical



and experimental studies and the interpretation of such
data.

8. When similar basic mechanisms are involved in
the production of radiation-induced and other cancers,
the effect of radiation may be either (a) to advance in
time the control curve of age distribution of tumours
or (b) to multiply by some factor the age-dependent
incidence. When similar mechanisms are not involved,
the effect of radiation may be to produce an additional
incidence unrelated to the control age incidence. The
yield of tumours, in any given interval after the ex
posure, will be determined by which of these processes
or by what combination of them operates and by pos
sible changes in survival time occasioned by the irradia
tion.

9. Most of the data available in man, and even in
experimental animals, are confined to a limited period
of time following irradiation. Any attempt to estimate
the total lifetime incidence of tumours is likely to in
volve extrapolation.

10. In making risk estimates for human populations,
the difficulties of epidemiological studies must be borne
in mind. There is the possibility of large variation in
susceptibility in the population because of differences
in genetic, physiological and environmental factors.
Thus the dose-effect relationship observed in a study of
a whole population does not necessarily apply to indi
viduals or to subgroups of the population. When iso
lated risk estimates are derived from irradiated subjects
highly selected for one reason or another and are ap
plied to the general population, this should be done with
great caution.

11. In many instances it has been necessary to per
form dose determinations long after the irradiation,
and since it may be impossible to reproduce the conditions
existing at the time of the original irradiation, many of
the dose estimates .ecessarily have a wide margin of
uncertainty.

12. In addition, there are problems of terminology and
statement of dose. When the body is irradiated non-uni
formly (because of limited field size, limited penetration
of the radiation, or non-uniform distribution of radio
active nuclides within the body) the irradiation cannot
be unambiguously specified by a single number but only
in terms of dose distribution. To provide a basis for a
particular risk estimate, one must, however, select a
single value of a quantity that characterizes the irradia
tion, even though such a value may be of limited accuracy
or significance.

13. The physical quantities most commonly deter
mined for external irradiation are either kerma or ex
posure in free air,! since measurements are frequently
performed with devices of minimal mass and without
the use of phantoms. Because of the complexity of the
physical interactions, there may be a considerable differ
ence between the quantities thus determined and the
absorbed dose in the tissues of interest.

14. All empirical risk estimates are valid only for
the conditions of irradiation under which they were
obtained. Thus, a risk estimate valid for a certain dose
delivered in a single exposure probably is not valid for
the same dose delivered over a long period of time.

15. For estimation of risk as a function of dose one
requires ideally a dose-effect curve established over a
wide range of doses. However, in man, information is
scanty and when available refers only to a limited dose
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range. Within this range and with:n the Iimitationsdt'·
scribed above estimates of risk can be made. Outside
this dose range it is necessary to make assumptions as
to the nature of the underlying dose-effect relationship.

16. One such assumption relates to "threshold dose".
For certain types of radiation-induced cancer there may
be a threshold dose, but this can be established only from
an understanding of the mechanisms. Even statistical
studies of cancer incidence in large irradiated popula
tions cannot unequivocally establish the existence of a
threshold. In general, therefore, for the estimation of
risk at low doses it has to be accepted that there is a
finite risk of cancer induction, however small, even at
the lowest doses.

17. In most cases in which extrapolation to low doses
has been attempted a linear relationship between dose
and effect has been assumed. A discussion of the use
of the linear hypothesis can be found in the 1962 re
port. It should be noted that the assumption of linearity
is the only one w.hich allows the use of mean doses in
estimating risks. In general, the assumption of a linear
dose-incidence relationship at low-dose levels is likely
to result in an over-estimate of the degree of risk.

18. This is, in general, likely to be true because most
known dose-response curves tend to be sigmoid or linear
at their lower ends, and because, on theoretical grounds,
single-event changes may be expected to predominate
at very low doses. Assurance that linear extrapolations
are likely to over-estimate the risk is greatest when ob
servation includes the region of rapidly increasing re
sponse with increasing dose.

19. An estimate based on the relative increases over
the "natural" incidence will be influenced to a large ex
tent by the natural incidence, which in some cases (for
example, thyroid or bone cancer) is very low. Absolute
risk estimates are a measure of the susceptibilities of
different tissues to the induction of cancer by radiation.

20. In this report risk estimates of cancer induction
will be presented either in relative terms, as increase
relative to natural incidence, or in absolute terms, ex
pressed as the number of cases per unit time and unit
dose in a population of given size, for example as num
ber X 10-6 per year per rad. It must be emphasized
that these estimates of risk are reliable only in the range
of doses, usually high, for which information is avail
able. The use of the estimate at doses outside the ob
served r.ange may be very much in error, and in the low
dose range where a linear extrapolation to zero dose
is used, it can in most cases only be taken as an indica
tion of the upper limit of risk.

11. Leukaemia

LEUKAEMIA IN JAPANESE A-BOMB SURVIVORS

21. The most informative data that are available on
the relationship between radiation exposure and leu
kaemia in man are those obtained from the studies of
the survivors of the atomic bombing in Hiroshima and
Nagasaki. Even in these studies there are great uncer
tainties in dosimetry, in the size and characteristics of
exposed populations, and in the leukaemia incidence
data. Furthermore, the incidence is being observed in
a population of survivors, therefore of individuals
heavily selected at least at the high dose levels.

22. Some studies have been done on an "open popu~

lation" in which there may be little accounting for migra-



tion at persons both non-exposed and exposed. To at
tempt to circumvent the uncertainties that arise in the
follow-up of such an "open population", the Atomic
Bomb Casualty Commission (ABCC) created the Mas
ter Sample, a "closed population" matched by age and
sex in segments of the population proximally exposed
(0-2,000 metres from hypocentre), distally exposed
(2,000-10,000 metres), and non-exposed (beyond
10,000 metres).

23. Watanabe8 has reported the incidence of leu
kaemia among Hiroshima survivors ("open popula
tion"), including all leukaemia cases for the seventeen
years 1946-1962. Recomputations of these data to ob
tain the leukaemia incidence in the total population, in
the non-exposed population (beyond 5,000 metres, pre
sumably including post-detonation entrants), and in the
exposed population (within 5,000 metres) are given in

table I and figure 1. Estimates of relative risk are given
in table 11.

24. In table I and figure 1 it can be seen that there
was a sharp increase in the reported leukaemia incidence
in the exposed (within 5,000 metres) after 1946, reach
ing a peak eleven times higher than in the non-exposed
(beyond 5,000 metres) in 1951. From 1952 to 1959 the
incidence in the exposed fluctuated below this peak;
from 1960 to 1962 it fluctuated within a still !ower range.

25. Brill et aP have summarized and compared pre
viously reported findings on leukaemia in atomic bomb
survivors in Hiroshima and Nagasaki, as obtained from
the ABCC Master Sample or "closed popu!~~ion", up
to 1958. Table III presents incidence by distance from
the hypocentre for the 89 confimled leukaemia cases in
Hiroshima and the 60 confirmed leukaemia cases in
Nagasaki during the twelve-year period 1947-1958.
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Figure 1. Leukaemia cases in Hiroshima, 1946-1962 (modified from Watanabe8)
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26. ~he incidence of leukaemia was greatly increased
among survivors exposed within 1,500 metres from the
hypocentre. Between 2,000 and 10,000 metres the aver
Il/.:"e yearly incidence in Hiroshima (28/10G/y) was re
gard~ by Brill et al. as not significantly greater than
that expected in Japan where leukaemia rates are re
ported to be 20-30/10G/y. Nor is the incidence signifi
cantly different from the average yearly incidence in the
non-exposed Hiroshima population during the same
period of ~ime, as deduced from Watanabe's figures.
The elevated leukaemia incidence (37/lOo/y) in those
exposed between 2,000 and 10,000 metres in Nagasaki
(table Ill) is significantly (P < 0.05) higher than ex
pected on the basis of the frequency obtaining in the
Japanese population.

27. Brill et al. 7 , .0 analysed relations between radia
tion dose corrected for shielding (among those persons
for whom knowledge permitted individual dose correc
tions) and average incidence of confirmed leukaemia
during the nine-year period 1950-1958 in the Master
Sample in Hiroshima and Nagasaki. Figure~ 2 and 3
provide a general guide to neutron and gamma radiation
doses according to distance from hypocentre in Hiro
shima and Nagasaki. Figures for attenuation of dose by
shielding were based on the average attenuation factors
observed during test explosions in the Nevada Desert.s
For individuals who had been located in the open no
attenuation factor for shielding was applied. For those
partly shielded a 15 per cent attenuation of the air dose
was assumed for gamma radiaticn and 25 per cent for
neutrons. For persons inside houses of light Japanese
style construction an attenuation of 30 per cent of the
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Figure 2. Estimates of neutron and gamma air doses in Hiro
shima as a function of horizontal distance from ground zero
(modified from York3)
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Figure 3. Estimates of neutron and gamma air doses in Nagasaki
as a function of horizontal distance from ground zero (modi
fied from YorkS)

air dose VIas assumed for gamma radiation and of 50
per cent for neutrons. Persons located in other shielding
categories were not taken into account because the cor
responding attenuation factors were not known. This
resulted in further reduction of the sample and of the
number of leukaemia cases. Gamma "and neutron esti
mates were added in a 1 :1 ratio, assuming an RBE of
1 for neutrons. If the RBE were in actual fact higher
than 1, then using a 1:1 ratio, as is done here, would
yield a higher estimate of risk of leukaemia per unit dose,
at least in Hiroshima.

28. Table IV presents data on confirmed leukaemia
incidence according to absorbed dose as obtained by
these procedures for 51 cases in Hiroshima and 25 ca<;es
in Nagasaki during the nine-year period 1950-1958. The
yearly leukaemia incidence according to dose is shown
graphically in figure 4.

251. For Hiroshima the relation of dose to annual
leukaemia incidence in the nine-year period 1950-1958
can be described by a straight line over the dose range
of about 100-900 rads. Between 10 and 100 rads the
incidences in each dose group, though consistent with
the same straight line, do not differ significantly from
one another.

30. The data indicate that at least in the range between
100 and 900 rads the average rate of increase of the
incidence with dose was 1.1 cases/lOG/y/rad at Hiro
shima and 1.6 cases/lC'I/y/rad at Nagasaki, or between
1 and 2 cases/lOo/y/rad in both cities. Since in Naga
saki the exposed population was smaller and the cases
of leukaemia fp-wer, the estimate for that city is statis
tically le.~£ reliable. However, the major cause of uncer-



of additional cases, a distinction of practical as well as
theoretical importance.m

LEUKAEMIA IN EARLY POST-DETONATION
ENTRANTS IN HIROSHIMA

34. The data from the report of Watanabe' on leu
kaemia cases developing between 1950 and 1962 (thirteen
years) in persons entering Hiroshima soon aiter the
detonation have been recomputed and presented in table
V. Although the incidence was higher than expected from
data on non-exposed persons, the difference between the
earliest entrants and later entrants was not statistically
significant.

35. Estimates of radiation exposure from fall-out and
f.rom neutron-induced radio-activity have been pub
lIshed4,5 (figure 5), but their reliability cannot be
assessed.

3? The locations of the early post-detonation entrants
dUrIng the first days after entry are not known. In view
of the extensive destruction and the long-lasting fire
storm near the hypocentre which broke out within a few
hours of the explosion, it has been considered probable
that very few persons might have been close to the hypo
centre for substantial periods of time during the first day
after detonation.

LEUKAEMIA IN AMERICAN RADIOLOGISTS

37. Earlier studies, already discussed in the 1962
report, are summarized in table VI. Since the 1962
report Lewis9 has reviewed the 425 death certificates of
registered specialists in radiology dying between the ages
of thirty-five and seventy-four during the fourteen-year
period 1948-1961. In table VII the observed numbers of
deaths for which the main cause was leukaemia or a
related disease are compared with the corresponding
exp.e~ted nu~ber~ calcu~ated by applying to the number
of hVlllg radIOlogists at rIsk the death rates (standardized
with respect to sex, race, age and year of death) due to
each relevant cause. The estimated numberof male radiol
ogists, thirty-five to seventy-four years of age, increased
from 2,167 in 1948 to 4,713 in 1961 ; in the fourteen-year
period the number of man years at risk at these ages was
47,348. The mortality ratio for leukaemia was 3.0, with
1~ cases observed among the radiologists as compared
WIth 4.02 cases expected. The average annual inci
dence of death from leukaemia in radiologists during
these four~ee!1 years was 253/106/y, as compared with an
expected lllCt~ence of 85/106/y, giving an excess inci
dence of 168/1Q6!y. About 4.4 of the twelve leukaemia
deaths in the group of radiologists were expected to be
of the lymphocytic type (predominantly chronic) but
only 1 case of lymphocytic leukaemia was observed' and
it was of the acute type. Therefore, all 12 cases of leu
kaemia in the radiologists were of types known to be
increased by irradiation.

38. Based on the risk estimates from Hiroshima the
excess leukaemia incidence observed in the radiologists
would result from a single acute whole body exposure of
a~ou~ 10~ ra";~. Little is kn~wn about the magnitude and
dlstrlbutto~\. '. che dos~ recel!ed.by the early radiologists,
but the eVtdence available llldicates that doses far in
excess of 100 rads were received chronically over
periods of up to forty years, and this would suggest that
long-term radiation exposure is less effective than short
term exposure in inducing leukaemia.

39. For Hodgkin's disease, lymphosarcoma, and
lymphoblastoma, the observed numbers of deaths among
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tainty affecting both estimates probably lies in the limita
tions of the dosimetry rather than in the inherent
variability of the data. .

31. In both Hiroshima and Nagasaki taken together
there is moderate correlation between year of onset of
leukaemia and distance from the hypocentre. In both
cities the group with symptoms of radiation sickness
was closer to the hypocentre and had a significantly in
cre~se.d leukaemia incidence over the group without
radmtlOn symptoms.

32. The predilection of the various types of leukaemia
for specific age groups does not appear to have been
markedly altered as a result of irradiation. The rarity
of chronic lymphocytic leukaemia in Japan was con
firmed. The types of leukaemia observed to be increased
most in survivors under 1,500 metres were chronic
granulocytic and acute leukaemia. The acute leukaemias
occurred predominantly in people under ten years of age
at the time of exposure. There is normally a strong
predilection for this type in the young. In the Japanese
survivors, although chronic granulocytic leukaemia has
occurred predominantly in the middle age groups, it has
also been seen with increased frequency in children.
AC!1te leukaemias:-including granulocytic, myelomono
cybc and unclassIfied types-also have occurred with
increased frequency.

33. The incidence of leukaemia of various haemato
logic types has varied systematically in relation to age
at the time of irradiation,T so that the age-incidence
CUrves for the irradiated and control populations are
nearly parallel.135 Because the natural incidence of cer
tain types varies with age by as much as an order of
magnitude or more, the numbers of cases of induced
leukaemia of these types have varied correspondingly
with age at the time of irradiation. A given amount of
radiation m<ty thus be inferred to have increased the
probability of .the disease by a given perce!1tage of the
natural age-adjusted rate rather than by a gIVen number
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DOSE (rads)
Figure 4. Average incidence of conf.rmed leukaemia in the mas

ter sample, proper plus reserve, 1950-1958, light shielding by
relative radiation dose (modified from Brill et al.1 ) ,
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radiologists were in reasonable agreement with the
expected numbers (table VII). On the other hand, in
the population at risk there were five deaths from mul
tiple myeloma where one was expected, and four deaths
from aplastic anaemia where 0.2 was e."pected. While the
increased incidence of aplastic anaemia was not surpris
ing, the association of mUltiple myeloma with radiation
had not been substantiated before.

LEUKAEMIA IN ANKYLOSING SPONDYLITIS PATIENTS

40. There have been no new data on leukaemia inci
dence in relation to dose in patients X-irradiated thera
peutically for presumed ankylosing spondylitis since
Court Brown and Doll12.1S in England studied the case
records of 13,352 patients treated in 81 treatment
centres from 1 January 1935 to 31 December 1954. Only
cases of leukaemia found before 1955 were considered
in the analysis. This study was discussed in the 1962
report. However, for purposes of comparison with stud
ies of dose-incidence relations in other irradiated popu
lations, it is discussed here also in somewhat modified
form.

41. In the evaluation of the dose-incidence relation
ship, the cases used included 32 with an established
diagnosis ("A" series) and 5 probable cases (UB"
series). Since only 1 certain case of leukaemia was rec
ognized among the 2,065 irradiated women (total inci
dence 48/105 ), the analysis was confined to men, and the
population at risk was defined as the 11,287 males in the
study series.

42. The patients had been subjected to total cumulative
exposures ranging from 112 R to more than 3,000 R in
from one course of fractionated exposures (over about
a month) to eight courses of therapy with separations by
as many as eight years. The majority of patients given
only one course had been treated since 1950, and most of
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the patients given multiple courses had been followed for
a longer period. Young men were given, on the average,
more courses of treatment than older men. The patients
included boys of fourteen years of age to men well over
fifty-five years of age.

43. In over 90 per cent of the patients the radiation
fields were confined to limited areas of the body which
included the affected joints. Fields with generous mar
gins were used over the spine, sometimes including the
pelvis and other joint areas. Details of X-ray exposure
were obtained from a sample of approximately one in
every six of the patients (1,878 men). Both exposures to
spinal bone marrow (roentgens) and whole body integral
exposures (megagramme-roentgens) were estimated.
The spinal exposure was estimated in two different
forms: as mean exposure to the marrow throughout the
whole length of the spine, and as maximum exposure at a
point in the spinal marrow. Finally, the mean spinal
marrow exposure was estimated separately for those
patients receiving only spinal irradiation. Eighteen of
the 37 leukaemia cases were patients receiving only spinal
irradiation.

44. Since the patients did not receive all their radiation
treatment on one occasion, and since the proportions of
patients given various exposures did not remain constant
throughout the period under review, it is not possible
to measure the incidence of leukaemia in relation to the
size of the exposure simply by relating the numbers of
patients with leukaemia fullowing a given exposure to
the estimated total numbers of patients given the same
exposure. Court Brown and Doll met this difficulty by
estimating the population at risk for each level of expo
sure from the sum of the number of years the patients
survived after receiving an individual exposure and
before receiving additional radiation treatment which
would place them in the next, arbitrarily defined, expo
sure category.



45. The accuracy of this method depends much on the
limits of latent period for the radiation-induced leu
kaemia. On the basis of 10 cases receiving only one course
of treatment it appeared that the latent period would be
seldom less than two years, more frequently of the order
of three to five years, and less commonly, longer. How
ever, in their analysis the authors postulated that leu
kaemia was equally likely to appear at any time after
irradiation with the exception of the first year. Since
many patients were treated during the last few year!! of
the study, the study may be incomplete with respect to
recording the total incidence of leukaemia.

46. The incidence of leukaemia in irradiated spondy
litics increased with age from 11/1()t/y in those less than
twenty-five years of age to 56/1()t/y in those fifty-five
years of age or older, consistent with the age-dependent
Increase in incidence of comparable forms of leukaemia
in the general population of England and Wales.Ut The
excess of leukaemia, which was of the order of a tenfold
increase in the "natural" age-adjusted rate, was present
irrespective of the age at which radio-therapy was started
but was slightly greater when treatment was begun late
in life. For a g:ven exposure, therefore, at least five times
as many cases of leukaemia were induced in the elderly
group as in the young group, although the natural age
dependent rate was increased by a similar, or only slightly
different, percentage in both ~roups. The greater increase
in the elderly cannot be ascnbed to differences in expo
sure because t.here was a tendency to give older patients
less radiation treatment rather than more.

47. A significant excess of deaths from all types of
leukaemia occurred in the irradiated spondylitics, as
compared with the expected numbers in a non-spondy
litic, non-irradiated population, with ratios of 4.6 for
lymphocytic, 6.1 for myelocytic, 11.8 for monocytic, and
52.4 for other and unspecified leukaemia.

48. Since adequate data are not available on the inci
dence of leukaemia in male spondylitics not treated by
irradiation nor in non-spondylitics receiving spinal
irradiation, the expected rates of leukaemia used in this
study were those for the general male population of
Britain standardized for age.

49. A certain possibility of error exists in the use of
this control population in view of the fact that an associa
tion between leukaemia and rheumatic diseases has been
observed,u' Also, the existence of hereditary factors in
ankylosing spondylitis and rheumatoid arthritis has been
reported.U Another cause of concern is the possibility
that some of the other forms of therapy used for anky
losing spondylitis may also be leukaemogenic. Agents
such as antipyrine, gold salts, and phenylbutazone have
been known to depress the bone marrow activity.1G BeanlT

has reported the development of leukaemia in six non~

irradiated patients who had received phenylbutazone.
Three of these had ankylosing spondylitis.

50. In the survey of Court Brown and Dolll' the case
records did not provide enough detail for a special study
of the use of drugs. These authors pointed out that buta
zolidine could hardly have played any part in the develop
ment of the cases of aplastic anaemia found, as it was
not in general use until 1952. The authors indicated that
gold had been used for many years, as had many types of
analgesics, including amidopyrine. That drugs were
largely responsible for the development of leukaemia did
not seem reasonable to the authors, but decisive data were
not provided in their report.

51. The numbers of men receiving various exposures
of radiation to spine alone or spine plus extraspinal re-
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gions, given in terms of mean exposures to spinal mar
row, and the numbers of man years at risk at twelve
levels of estimated exposures, are given in table VIII.
The exposures are the total exposures received less those
received in the twelve months preceding the diagnosis of
leukaemia. The data on the leukaemia patients are sum
marized in table IX, along with the crude and standard
ized incidence rates.

52. The annual leukaemia incidence increased from
0.5/10·/y in the standard contrel population to 72/10·/y
following an exposure of 2,250 R or more. Below 500 R
2 of the 4 cases of leukaemia were lymphatic.

53. The mean exposure received by the spinal marrow
was believed by Court Brown and Doll to be the most
satisfactory measure of radiation exposure under the
conditions of the investigations. However, they pointed
out that it failed to take into account the considerable
exposure to the extraspinal marrow in some of the pa
tients. Therefore, they considered separately the patients
who received treatments to the spine and sacro-iliac
regions only. These data are given in table X.

54. Patients whose treatment was initially confined to
the spine and sacro-iliac joints but who subsequently
received extraspinal (including wide field) irradiation
were included in the group only for that part of their
life between initial treatment and the first extraspinal
treatment. Although this improved the accuracy of dose
estimates, the data became limited in value because of
the consequent reduction in the number of leukaemia
cases.

55. A regression line fitted through the incidences
observed at exposures in the range between approxi
mately 300 and 1,500 R to the spine, has a slope of
0.5/108/y/R. Extrapolation of the line below 300 R is
not warranted. It will be recalled that the straight line
describing the relation between dose and incidence of
leukaemia in the Hiroshima population of survivors to
the A-bomb explosion has a slope between 1 and 2/108/

y/rad in the range from 100 to 900 rads. The character
istics of the irradiated population and the conditions of
irradiation in Hiroshima were very different from those
obtaining in the spondylitics. Not only had the Hiroshima
survivors received an instantaneous burst of radiation
while the spondylitics had received several courses of
treatment, but most of the Hiroshima survivors had pre
sumably been exposed to whole body irradiation, whereas
in the spondylitics only parts of the body (probably in
volving one-third to one-half of the bone marrow) were
irradiated. The similarity of the two slopes suggests that
a common risk estimate may apply to both populations.

LEUKAEMIA IN CHILDREN IRRADIATED
THERAPEUTICALLY FOR "ENLARGED THYMUS"

56. There have been a number of epidemiologic
studies of the incidence of leukaemia in children who
received therapeutic X-irradiation during childhood for
benign conditions.18- 211 These studies have been discussed
in the 1962 report. Among these studies, those by Hemp
elmann and his colleagues are the largest and the only
ones which have shown an increased incidence of leu
kaemia.

57. The most recent reports on the Hempelmann sur
vey are those by Pifer et 01.27 and by Toyooka et 0/. 2.,11

The numbers of leukaemia cases observed, of cases
expected in infants treated with X-rays for "thymic en
largement", and of sibling controls in both Series (I
and 11), are given in table XI. All children were con-



sidered to have been at risk from birth until 31 December
1960, or until death.

58. In Series I mos. of the children were treated be
tween 1926 and 1946, and treatment techniques and rea
sons for treatment varied greatly. In Series II the chil
dren were treated between 1940 and 1957, and treatment
methods were more uniform. Ma.,y of the children irra
diated in the earlier years were given relatively large
doses to large areas, and posterior as well as anterior
positioning of ports was often involved. The children
more recently irradiated were usually given smaller doses
to relatively small areas, with anterior positioning of
ports. In Series II the X-ray energies, the numbers of
treatments and the total period of treatment were usually
less than in Series I.

59. The 6 cases of leukaemia observed in Series I in
cluded four lymphocytic and two acute undifferentiated
types. The data do not make it possible to study the re
gression of incidence with dose.

60. These data are inadequate to distinguish between
the influence of (a) the irradiation and (b) the condition,
so-called "thymic enlargement", or the underlying basis
for the diagnosis which served as the indication for
therapy. Conti et al. 22 reported no cases of leukaemia in
a group of 1,564 children and 96 per cent with no evi
dence at treatment of the condition called "thymic en
largement". Eighty-eight per cent of the children were
treated through relatively small ports with exposures of
75 to 300 R, averaging 150 R, to the thymic region, and
12 per cent of them received 200 to 450 R. One case was
expected. These children (90 per cent) were studied
from eleven to eighteen years after the therapy.

61. Murray et al.21 found 2 cases of leukaemia in
seventy-five children treated for pertussis, 1 case in
1,073 persons treated to the head and neck mainly for
lymphoid hyperplasia of the nasopharynx, and no leu
kaemia deaths in 2,460 children treated with superficial
X-rays for benign skin lesions.

LEUKAEMIA IN CHILDREN IRRADIATED in utero

62. Several retrospective studies of children irradi
ated in utero have been carried out and their results are
summarized in table XII.

63. In the retrospective study by Stewart et a1.3
O-

32 of
the incidence (mothers' memory) of pre-natal abdominal
diagnostic irradiation among mothers of 780 children
dying under ten years of age of leukaemia (during the
years 1953-1955) and mothers of 1,638 control live chil
dren matched for age, sex, and location, there was a
relative risk for leukaemia of about 1.83. Excessive ma
ternal age was also related to an increased risk of leu
kaemia and an increased incidence of Down's syndrome.
The incidence of post-natal diagnostic or therapeutic ex
posure was almost twice as high in the leukaemic children
as in the control group for the first three years of life,
and the frequency of post-natal acute pulmonary infec
tions and severe injuries was also significantly increased
in children who subsequently died of leukaemia.

64. The controls in these retrospective studies varied
considerably. Stewart et al. 32 used live children matched
for age, sex and location. Ford et al.33 used children
dying under ten years of age of causes other than cancer
during the same period of time as the treated children.
Here, the information about radiation exposure during
the last trimester of pregnancy was obtained from ob
stetricians and hospital records. Kaplan84 employed two
control groups-closest siblings and most habitual play-
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mates. Polhemus and Kochss used children attending the
same hospital during the same period (consecutive surg
ical admissions) matched for age, socio-economic ancl
geographic factors. In Kjeldsberg's study38 the controls
were healthy children born at a time different from that
of the leukaemic children and therefore not experiencing
the same likelihood of antenatal X-ray examination. In
the study by Munay et al.11 there were three control
groups-children dying of non-malignant disease during
the same period, siblings, and live siblings of the deceased
controls. Finally, Lewis37 used as controls all of the
children born at the hospital in which the leukaemic
children had died.

65. Court Brown et al.,31 in an extensive prospective
study of women who were irradiated during pregnancy
between 1945 and 1956, found that among 39,166 live
born children who had received antenatal irradiation,
nine had died of leukaemia before the end of 1958. The
expected number was 10.5. None of the children of the
750 women irradiated in the first three months of preg
nancy had developed leukaemia during an average
follow-up of over six years. No correlation was found
between incidence of leukaemia and the amount of ante
natal exposure.

66. MacMahonSl,.o designed an extensive prospective
study to examine this problem by a method which utilized
objective evidence of intra-uterine X-ray irradiation. The
study population consisted of 734,243 children born in,
and discharged alive from, any of thirty-seven large
maternity hospitals in the north-east United States in the
years 1947-1954. The frequency of intra-uterine X-ray
irradiation in the population was estimated by review of
the records of a 1per cent systematic sample. Abdominal
or pelvic X-rays were recorded in 370 (10.6 per cent) of
the 7,242 single pregnancies in the sample. Children
dying of leukaemia before the end of 1960 were identi
fied by review of death and birth certificates. After cor
rection for indirect associations with birth order and
other complicating variables, it was estimated that leu
kaemia mortality was about 40 per cent higher in the
X-rayed than in the non-X-rayed members of the study
population, giving a relative risk of 1.4, with 95 per cent
confidence limits 1.0 and 2.0.

67. No estimates of dose were obtained in any of these
studies. However, in MacMahon's study, X-ray cases
were divided into three categories ranked in order of
probable (relative) dose, according to the probable num
bers of films involved in the diagnostic procedures.
Although there was a minor trend toward higher cancer
risk in the more heavily exposed. categories, it was far
from significant. It was shown that neither the higher
risk of leukaemia in first births nor the higher frequency
of pre-natal X-ray in first births explained the association
between X-ray irradiation and increased leukaemia inci
dence. It remains to be demonstrated whether or not the
association between irradiation and leukaemia explains
the high frequency of leukaemia in first births. The ratio
of mortality in first-born to that in later-born was as
great in the separate X-ray categories (1.5 in the
X-rayed, 1.3 in the non-X-rayed) as in the combined
data, 1.4. The birth-order differential was also as great
among children in specific relative dose categories (pel
vimetry) as in the total.

68. The report31l which included deaths to the end of
1960 of children born during the years 1947-1954, dealt
with children predominantly over five years of age and
showed a higher frequency of intra-uterine X-irradiation
in cases of leukaemia and cancer deaths, as compared



with the 1 per cent sample of the population. It is ot
interest that an earlier report,40 which included only
deaths prior to 1958, showed little or no difference in
frequency of intra-uterine irradiation between the two
groups. It is ~ssible that differences in young children
have been similarly under-estimated in some other studies
as a result of insufficient follow-up time for a significant
portion of the population. The small relative risk and the
occurrence of the peak risk after five years of age are two
characteristics of the association which may go far
towards reconciling this view with the negative results
reported in a number of surveys.

69. Wise·1 has studied first-born children who had
died of leukaemia during the period 1953-1955. In a
group of 306 such cases ten birth cohorts were repre
sented (1945-1954), and in nine of these the mean age
at death of cases with a history of pre-natal irradiation
was four months greater than the mean age at death of
the non-X-rayed cases. Only two cohorts had been fol
lowed from birth to one year of age (1953-1954), and
only one had been followed from birth to two years of
age (1953).

70. Stewart and Hewitt,ta studying 628 children born
between 1952 and 1956 who died of leukaemia and
lymphosarcoma before the age of five years, found that
the percentage of X-rayed cases varied significantly with
age at death and increased from a~e zero to.age ~ou;r.
Assuming t.lJ.at none of the leukaemia cases dymg wlthm
about fourteen months after exposure, i.e., before the
age of one year were radio-genic, these authors also S\1g
gested that radio-genic cases had a different age di~tribu
tion than spontaneous cases, and that, over thiS ag~

range, the radio-genic cases·had a tendency to develop
later than "spontaneous" cases. The proportion of con
trols X-rayed (8.3 per cent) was almost the same as that
for the youngest-"spontaneous"-leukaemia cases
(8.5 per cent), and according to this 'nypothesis the
"extra" X-rayed cases in the older age groups are at
tributable to the intra-uterine exposures.

71. According to MacMahontS the probability of death
from leukaemia for white children in the United States
up to the age of ten years is 46 per 105 persons. Assuming
that 10 per cent of these children were X-rayed in utero,
and that the X-rayed have a 40 per cent higher risk than
the non-X-rayed, it follows that the over-all risk of
46/1Q5 is made up of a risk of 62/105 for the 10 per cent
X-rayed and 44/105 for the 90 per cent not X-rayed. The
difference, 18/105, is the excess risk in the irradiated
children. This would be compatible with extrapolated
estimates from post-natal irradiated groups of 2 cases
per million per rad per year only if the foetal dose re
ceived was 9 rads. This is probably at least twice the
average dose received.

72. While individual studies of the incidence of leu
kaemia in children irradiated in utero have yielded dif
ferent risk estimates, these are of different reliability on
purely statistical grounds as indicated by their confidence
limits. As discussed later in this annex, it has been
shown1os that there is no inconsistency in the findings of
eleven surveys, five of which involved small samples with
large sampling variability and gave estimates of relative
risks less than one. The joint maximum likelihood esti
mate of the relative risk from all these surveys was in
fact found to be 1.4 with 95 per cent confidence limits
1.2 and 1.6.

73. Although accurate estimates of doses are not avail
able, it seems difficult to avoid the conclusion that irradia
tion of foetal tissue gives rise to a greater risk per unit
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dose than po!t-natal irradiation, possibly by a factor as
high as 5. As in all cases of irradiation for medical rea
sons, there is no way to separate the leukaemogenic effect
of radiation from other possible aetiologic factors con
nected with the reasons that had prompted the irradiation.

LEUKAEMIA IN OTHER GROUPS MEDICALLY IRRADIATED
FROM EXTERNAL SOURCES

74. Simon et al." found, in 71,582 patients treated by
radium therapy for carcinoma of the cervix in large
treattnent centres throughout the world, an incidence
of between 6.2 and 11.6 cases of leukaemia per 10' per
sons. Comparing this to the British death rate of 5.8/10'
for leukaemia in women fifty-five years old and the in
cidence of 9.0/105 for a similar group in the United
States, they concluded that the incidence was not in
creased by radium treattnent. However, since 25 per
cent of the patients did not survive one year and since
60 per cent did not survive five years, the population at
risk was greatly reduced before the greatest incidence
of radiation-related leukaemia, if it occurred, would
have been expected.

75. Faber*5,", in a study of cases of leukaemia re
ported in the Danish Cancer Registry during the years
1940 to 1954, found that 34.8 per cent of the 442 acute
leukaemia cases, 32.6 per cent of the 307 chronic granu
locytic leukaemics, 17.7 per cent of the 861 chronic
lymphocytic leukaemics, and 21.3 per cent of the 395
non-Ieukaemic controls used, had a history of diagnostic
or therapeutic X-irradiation. The period between irra
diation and development of the disease ranged from ten
to sixty months for the acute cases and from ten to one
hundred and forty months for the chronic granulocytic
cases with no notable peak in the distribution. The rela
tive risks and their 9~ per cent confidence limits are:
2.0 (1.7-2.7) for acute leukaemia, 1.8 (1.3-2.5) for
chronic granulocytic leukaemia, 0.8 (0.6-1.1) for
chronic lymphocytic leukaemia. From the limits it can
be concluded that only for acute and chronic granulocytic
types was there a significant increase in risk. The doses
received and the reasons of irradiation are not known.

76. Neumann41 reported that from 1954 to 1960, 10
fatal cases of leukaemia were recorded in Stuttgart
among tuberculosis patients over fourteen years of age
in a sample equivalent to 91,549 person-years, and 5.86
cases were expected in a corresponding samp1e of the
general population of Stuttgart in the same period. This
gives a relative risk for leukaemia of 10/5.86 or 1.7 for
the tuberculous patients who presumably were exposed
more frequently to chest roentgenography than were
control subjects. However, this does not differ signifi
cantly from unity, and in the ten tuberculous patients
who died of leukaemia the exposure was slightly lower
than that for the whole sample of tuberculous subjects.

77. Stewart et al.48 in the United Kingdom made a
retrospective survey of possible association between ex
posure to diagnostic or therapeutic X-irradiation and
the subsequent development of leukaemia in adults. The
frequencv of irradiation appeared to be the same in the
so-calledJL group (512 lymphatic leukaemia and lym
phosarcoma cases), in a group of 951 cases with tumours
of various sites, and in a group of 974 apparently
healthy controls. In the so-called M group (511 myeloid
and monocytic leukaemia cases) the frequency of irra
diation of chest or abdomen was higher and that of the
limbs not different from controls. To obtain risk esti
mates these authors compared frequency of trunk irra
diation in their M series with the frequency of trunk



irradiation among all other groups pooled together
(standard group), disregarding limb irradiation because
the frequency of limb irradiation was not higher than
in control groups.

78. In the standard group during the last ten years
prior to the survey, 29 patients reported therapeutic irra
diation, 1,025 reported diagnostic irradiation, and 1,323
reported no exposure. In the M group (myeloid and
monocytic leukaemia) the corresponding figures were:
24 with therapeutic irradiation, 243 with diagnostic irra
diation, and 244 with no exposure. The relative risks
of leukaemia were 4.5 (95 per cent confidence limits:
8.0-2.5) for therapeutic irradiation of trunk and 1.2
(1.4-1.0) for diagnostic irradiation of trunk.

79. Gunz and Atkinson,n in a retrospective study in
New Zealand, found that 47 of 590 leukaemia patients
had received prior X-ray and/or radio-isot~pe (various)
therapy for a variety of malignant or benign conditions,
as compared with 38 of 712 non-diseased controls, giv
ing a relative risk of 1.5 (1.0-1.9). They also found that
7 of 122 cas~s of myelomatosis (5.7 per cent) had pre
viously been irradiated therapeutically (relative risk 1.1,
limits 1.7-0.7). Prior radiation therapy was found in 25
of the 355 acute leukaemia cases (relative risk of 1.3,
limits 2.1-0.8), 9 of the 78 chronic granulocytic leukae
mias (relative risk 2.3, limits 5.0-1.0), and 13 of the
157 chronic lymphocytic cases (relative risk 1.5, limits
2.9-0.8).

80. In the same study the frequency of diagnostic
irradiations received in the previous ten years was also
investigated. Significant differences in the frequency of
diagnostic irradiation among the various groups were
apparent. No conclusion can be drawn with regard to
the relative risks involved because the effect of diagnos
tic doses cannot be separated from that of the presum
ably much higher therapeutic doses received by a frac
tion of the same sample.

81. While therefore there is evidence that, as ex
pected, therapeutic irradiation in adults may give rise
to a detectable increase of risk of leukaemia, the ques
tion of the effect of diagnostic irradiation remains open.
The results of Stewart et at.48 are open to question as
they barely reach statistical significance, because in that
study leukaemics showed not only higher frequency of
irradiation but also a different distribution, compared to
controls, of diseases that might themselves lead to an
increased risk of leukaemia, and because irradiations of
the limbs, though they must have involved substantial
doses to the bone marrow, were disregarded. More in
tensive investigations and better dosimetry are required
before meaningful estimates of risk from diagnostic
irradiation of adults can be obtained.

LEUKAEMIA AFTER p31 THERAPY

82. Pochin,50 in a study of an estimated 59,000 pa
tients (estimated 221,900 patient-years at risk) treated
for thyrotoxicosis with radio-iodine for the twenty years
preceding mid-1960 in the main clinics of the United
Kingdom, Canada and Austria, and in a number of
clinics in the United States, collected 8 published cases
and 10 others, as well as 1 case of lymphosarcoma. He
estimated from the appropriate national leukaemia rates
an expected number of 21 ± 5 cases of leukaemia and
concluded that presently available evidence, while giv
ing no support to the possibility of leukaemia induction,
neither excluded such induction nor made it possible to
set any upper limit to the actual frequency. The average
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follow-up time in this study was about 3.8 years after
therapy.

83. Wald et aI.,lI in their 1962 review, listed 2 addi
tional cases of leukaemia and 1 of lymphoblastoma. Of
the total of 20 cases th~re were 19 in which the type of
leukaemia was known and 15 were acute. This propor
tion was higher than anticipated in a normal population
of the same age and sex distribution. About 20 per cent
only of the patients treated were males, but over 70 per
cent of the cases of leukaemia occurred in males. Eight of
the 20 cases were diagnosed in less than two years after
therapy, and only 5 were diagnosed more than four
years after therapy. The mean a~e of this population
was higher than that of hyperthyrOId patients in general,
probably reflecting the conservative use of pI! in the
young.

84. Wemer et at.51 in 1961 further analysed the data
for the patients in the United States (collected by
Wemer and included in Pochin's report). In this series
thert were 10 leukaemia cases among 32,000 thyro
toxicosis patients treated with p31 with an average
follow-up time of 4.44 years. An incidence of 13.8 cases
was expected. There were significantly fewer chronic
cases (3 as opposed to 9 expected). For males there
was a significant excess of acute cases (6 to 1), while
for females there was a significant deficit of total cases
(2 to 10) and of chronic cases (1 to 6).

85. No information is :i.vailable on the incidence of
leukaemia in thyrotoxic patients not treated with radia
tion which would make it possible to distinguish the
influence of the disease itself on leukaemia incidence
from that of P31.

LEUKAEMIA IN POLYCYTHEMIA VERA PATIENTS
TREATED WITH p&l

86. Wald et at.1S in 1962 reviewed 1,238 cases of poly
cythemia vera cases treated with P32. Among these there
had been 41 deaths (3.3 per cent) from acute leukaemia.
Since nearly 75 per cent of the patients in the combined
series reviewed (observation periods ranging from seven
to eighteen years) were still alive at the time the reports
were made, complete ascertainment of leukaemia inci
dence has yet to be made. In the absence of adequate
information on leukaemia incidence in polycythemia vera
patients not treated with radiation, it is not possible to
distinguish the influence of p32 from that of the disease.
Prior to the advent of radio-phosphorus, as well as since,
X-ray therapy has also been used frequently. There is
some evidence among patients not treated with radiation
suggesting that the condition of polycythemia may pre
dispose to leukaemia or may be a condition closely re
lated to leukaemia.

87. The general concept of myelo-proliferative dis
eases developed by Dameshek52 would suggest that the
stimulus producing an increased incidence of one form
of this general type of disorder, e.g. myeloid leukaemia,
might well be capable of the initiation of closely related
clinical entities such as polycythemia vera, erythremic
myelosis, and myelo-sclerosis. Yamazaki et al. 53 found
18 cases of polycythemia vera among Hiroshima atomic
bomb survivors (22 per cent of the 81 cases reported in
all of Japan since 1950). It should also be recalled that
Lewis9 found an increased incidence of multiple mye
loma in United States radiologists.

LEUKAEMIA AND ENVIRONMENTAL RADIATION EXPOSURE

88. Craig and Seidman5~ have reported that the in
cidence of leukaemia in the one hundred and sixty-three



metropolitan areas of the United :States bears no de
monstrable relationship to differences in the amounts
of cosmic radiations received.

89. Court Brown and DolI,1I11 in a study of the four
principal cities of Scotland, five rural areas, and the rest
of Scotland found that, from 1939 to 1956, leukaemia
mortality was highest in Aberdeen (mainly excess of
acute and chronic myeloid) and in Edinburgh (mainly
excess of chronic lymphocytic leukaemia). The average
gamma radiation background in Aberdeen was 90 mrads
per year and in Edinburgh 57 mrads per year. It was
thought that the excess leukaemia mortality found was
partly the result of better case finding in the large cities.

m. Thyroid neoplasms

THYROID CARCINOMA IN JAPANESE A-BOMB SURVIVORS

90. Socolow et al.58 have reviewed the cases of car
cinoma of the thyroid that were detected through routine
medical examination, between 1 July 1958 and 1 July
1961, in matched groups of e.,,<posed and non-exposed
subjects included in the long-term medical investiga
tions (Adult Health Study) of the Atomic Bomb Cas
ualty Commission (ABCC). The sample used in the
Adult Health Study consisted of four components bal
anced for age and sex: group 1 (proximal), exposed
within 2,000 metres of the hypocentre (reported acute
radiation symptoms); group 2 (proximal), exposed
within 2,000 metres (reported no acute radiation symp
toms) i group 3 (distal) exposed 3,000 to 3,499 metres;
and group 4 (non-exposed), beyond 10,000 metres or
not in the city at the time of the bombing. The review by
Socolow et al. includes 10,730 subjects in Hiroshima and
4,589 in Nagasaki.

91. During the three-year period of this study 355
patients were found to have enlarged thyroid glands in
Hiroshima and Nagasaki. Biopsies were recommended
in 114 cases in Hiroshima and 17 in Nagasaki, corres
ponding to 37 and 38 per cent, respectively, of patients
with thyroid enlargement. Seventy biopsies were per
formed, 64 in Hiroshima and 6 in Nagasaki. While
there was a random distribution of three types of thy
roid enlargement among the four component groups in
Nagasaki, single nodules were diagnosed more often
among patients of exposure group 1 in Hiroshima.
Biopsy was recommended in about 80 per cent of cases
with single nodules, 50 per cent with multi-nodular
glands and 3 per cent of cases with diffuse goitre. That
there was some degree of uniformity of sampling is
suggested by the fact that the percentages of patients
with single nodules of the thyroid who were biopsied
were fairly constant (range 42-45 per cent) within the
four exposure groups in Hiroshima. A similar analysis
cannot be made in Nagasaki in view of the smaller num
ber of cases and fewer biopsies performed.

92. Twenty-one patients with histologically confirmed
thyroid carcinomas were seen. Seventeen cases were
diagnosed as a result of a routine Adult Health Study
medical examination and 4 cases were diagnosed else
where just before the inception of the current study
in July 1958.

93. In Hiroshima, exposure group 1 contained 10
of the 18 thyroid cancer cases seen in that city, a find
ing which is moderately significant (0.05>P>0.02).
When the figures for both cities are combined, 10 of
the 21 cases fall within group 1, a distribution of doubt
ful significance (0.10>P>0.05). However, if only the
17 cases diagnosed as a result of the Adult Health Study
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examinations are considered, a different distribution is
seen. All 4 cases diagnosed at other hospitals are in the
proximal exposed group, and their elimination from the
analysis results in a distribution that does not depart
signIficantly from chance (P>0.30). Fourteen of the
21 cases occurred within 1,399 metres, a significant in
crease compared with those at greater distances.

94. According to Socolow et al.,1I8 although the over
all incidence of thyroid cancer in the Adult Health Study
may not depart greatly from that cited by others for
Japan, the age distribution differed significantly in that
the cases in the A-bomb survivors were younger. Of
the 21 cases, 8 were diagnosed in the group under the
age of thirty-five years. At the time of exposure these
patients ranged in age from six to twenty years. The
latent period after exposure can only be defined as less
than thirteen or fifteen years owing to the fact that all
cases in this study were diagnosed between 1956 and
1961. Among cases occurring in the younger age groups,
over 80 per cent were exposed within 1,400 metres,
whereas in older age groups fewer than 50 per cent were
similarly exposed.

95. From the available information it is difficult to
define a pertinent population base for these cases or to
evaluate the general significance of identified cases.
However, if the findings were representative of the
incidence in the total exposed and non-exposed popula
tions in this study, the incidence of thyroid carcinoma
in the exposed would be 19/14,970 or 0.13 per cent, and
in the non-exposed 2/4,992 or 0.04 per cent.

96. In 1964 Zeldis et al.1I1 reviewed thyroid lesions
in autopsy and surgical pathology specimens in Hiro
shima A-bomb survivors. From 1 January 1948 to 30
December 1960, thyroid specimens were available· in
1,253 of a total of 1,535 adult autopsy cases examined
at ABCc. For the same period, a total of 342 surgical
thyroid specimens, representing 301 cases, were assem
bled from all pathology departments in Hiroshima.
However, for analysis of the surgical thyroid specimens,
it proved impossible to define a pertinent population base
for the entire series or to evaluate the general signi
ficance of identified cases in the face of the known occult
character of many thyroid lesions. Therefore, analysis
was made simply of diagnoses in those 70 of the surgical
cases which fell into two exposure groups (within 1,399
metres and between 1,400 and 1,999 metres). Table
XIII gives the incidence of thyroid cancer and thyroid
adenoma in the autopsies and in the 70 surgical thyroid
specimens according to distance from hypocentre.

97. The incidence of thyroid carcinoma in the total
of 1,253 autopsy cases, in the entire exposed group, or
in the group exposed between 2,000 and 9,000 metres,
is about 3 per cent, or only about 1.15 times the inci
dence in the non-exposed. The incidence in the non
exposed is 1.7 times that in the group exposed between
1,400 and 1,999 metres. The incidence in the group
exposed within 1,400 metres is about twice that in the
non-exposed group. The incidence of thyroid adenoma
is more than doubled in the most proximally exposed
group and slightly increased in other exposure groups.

98. In the surgical specimens, the incidence of thyroid
carcinoma in the group exposed within 1,400 metres
was 3.75 times that in the 1,400-1,999 metres group.
However, the incidence of thyroid adenoma was 2.6
times greater in the latter group than in the former
group.

99. The increased incidence of thyroid carcinoma in
the autopsy cases in the group exposed within 1,400



metres was found not to be statistically significant
(P = 0.07), but the increased incidence in the thyroid
cancers in the surgical specimen groups exposed within
1,400 metres was found to be statistically significant.lIT

100. Taken together, both surveys suggest that the
incidence of thyroid carcinoma has been increasing in
the irradiated population of Hiroshima and Nagasaki,
the incidence varying inversely with distance from the
hypocentre. Difficulties of ascertainment, due to the fact
that the incidence of carcinoma of the thyroid is difficult
to record, and the fact that the latent periods are long,
make it difficult to set up the surveys that would be
necessary to obtain information on the dose-effect re
lationship and therefore on the risk of induction.

THYROID NEOPLASMS IN PATIENTS THERAPEUTICALLY
IRRADIATED FROM EXTERNAL SOURCES

101. Takahashi et al.,ss in a retrospective survey of
human cancer in relation to medical e.xposure in certain
hospitals up to 1962 in Japan, found 638 cases of thyroid
cancer, of which 29 (4.55 per cent) had histories of
therapeutic irradiation with the thyroid within the radia
tion beam. In control groups of similar age distribution,
9 of 1,535 (0.59 per cent) received irradiation to this
neck region. The difference was significant at the 1 per
cent level.

102. However, the control group in this study is in
sufficiently characterized to permit adequate interpre
tation of the results with respect to the influence of fac
tors other than radiation in the results. The study does
not distinguish between (a) effects of radiation, and
(b) effects of the conditions which prompted the irradi
ation, on the occurrence of neoplasms after irradiation.
Furthermore, it is not clear how far back in time the
survey of irradiation went. It should be noted also that
the data indicate an average dose of 14 rads in the
controls.

103. Neglecting these reservations, it is possible to
compare the proportion of irradiated subjects among
patients developing thyroid cancer and among healthy
controls. The relative risk estimate so obtained amounts
to 8.4 with 95 per cent confidence limits 14.8 and 4.8,
respectively. Dividing the estimate by the excess radia
tion (160 R) received on the average by thyroid cancer
patients compared to healthy controls gives a relative
risk per R of approximately 5 per cent. In table XIV
are given the proportions of patients with and without
thyroid cancer, according to the estimated exposure.

104. In many prospective surveyslS,2S-29,60,61 and in
numerous retrospective surveys,6S-78 therapeutic irradia
tion of children has been associated with a subsequent
increase in incidence of thyroid tumours. In some pros
pective studies22,62 this association has not been found.
A number of surveys of thyroid cancer incidence follow
ing therapeutic irradiation for benign conditions are
summarized in table XVI.

105. In 1962 Hanford et al. 59 reported the results of a
study of 458 patients who had received therapeutic ir
radiation for non-malignant disease of the cervical re
gion (thyroid included). Of these patients, 431 patients
comprised three main treatment groups, including 43
treated as infants for "enlarged thymus", 92 children
and adults treated for toxic goitre, and 296 children and
adults treated for tuberculous adenitis. Eight cases of
thyroid cancer were found where --- 0.1 case was ex
pected, 7 of them among the 162 tuberculous adenitis
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patients followed ten years or longer after treatment,
and 1 case among the toxic goitre patients.

106. Data on ages at irradiation and at operation for
thyroid cancer, and approximate doses, for the 7 cancer
cases in the tuberculous adenitis group are given in table
XV. Five of the 7 cases were four to eighteen years of
age at the time of irradiation, and the others were twenty
three and thirty-four years of age, respectively. Five of
these 7 cancer cases were among 54 patients who had
received exposures between 500 R and 1,000 R, and 2
of the cases were among 66 patients who had received
exposures of 1,000 R or more. The one patient who
developed thyroid cancer after irradiation for toxic
goitre had received an exposure of about 2,000 R at
sixteen years of age.

107. In the prospective survey by De Lawter and
Winship74 of adult patients X-irradiated for hyper
thyroidism or other benign diseases of thyroid, there
was no evidence of thyroid cancer in any of the 222
patients followed for an average of 22.5 years.

108. In a retrospective survey of 286 cases of thyroid
cancer, Winship and Rosvoll70 found that 80 per cent
of the 286 cancer cases had received prior therapeutic
irradiation to head or neck during infancy or childhood,
mostly for "enlarged thymus", others for hypertrophic
tonsils and adenoids, and some for other benign dis
eases. The exposures ranged from 180 R to 6,000 R with
an average of 600 R. The latent periods averaged 8.6
years, were often less than five years, and in 12 cases
there were thyroid tumours at birth which later proved
to be carcinoma.

109. In the prospective survey of Pifer et aPT (see
tables XI and XVI and paragraphs 57 and 58 for de
scription of survey) of infants X-irradiated therapeu
tically for "thymic enlargement", 8 cases of thyroid
cancer were found in Series I among patients followed
from thirteen to thirty-four years, as compared with
0.09 case expected on the basis of the "natural" inci
dence. The relative risk was 88.9. In Series I, 21 cases
of thyroid adenoma were found, and 0.9 was expected,
with a ratio of 23.3. The mean exposure for Series I
was 329 R.

110. In Series Il, with patients followed only from
three to twenty years, only 1 case of thyroid carcinoma
was found, and 0.01 case was expected. The mean ex
posure for Series Il was 126 R.

111. The 9 cases of thyroid carcinoma in the two
series combined were associated with cumulative ex
posures ranging from 156 R to 1,092 R, with a mean of
598 R. Seven of these cases had been irradiated with
combined anterior and posterior port arrangements, 1
anteriorlyonly, and in 1 case the port arrangement had
not been ascertained. The 21 cases of thyroid adenoma
were associated with cumulative exposures ranging from
144 R to 756 R, with a mean of 372 R. The percentages
of these adenoma cases in the various exposure posi
tions were similar to those for the carcinoma cases.

112. Toyooka et al.,28 in analysing the data of Pifer
et al.,27 found that the incidence of thyroid tumours was
considerably higher when a dose was given half an
teriorly and half posteriorly than when the same dose
was given from an anterior approach only. Including
additional thyroid neoplasms found between 1960 and
1964, it was found that 29 of the total of 34 thyroid
tumour cases (malignant and benign) occurred among
472 children treated by combined anterior and posterior



approaches, whereas only 5 of the tumour cases devel
oped in the 2,111 children treated anteriorly only.

113. Attempts to demonstrate a dose dependence for
these major positional groups were unsuccessful. A de
cision cannot now be made as to whether the high tumour
incidence in children treated anteriorly and posteriorly
was a consequence of port position, of statistical varia
tion, or of other factors. The possibility has been demon
strated that the posterior approach, with its attendant
difficulties, could have resulted in exposure of larger
regions of the neck and head, including the pituitary
gland, than was the case when the anterior approach
alone was used. In this connexion, there is uncertainty
in this and other surveys of children irradiated for
"thymic enlargement" as to the extent of the inclusion
of the thyroid gland in the radiation beam in many of the
patients. Of importance in this study are the facts that
many of the older children (irradiated in earlier years)
were given relatively large doses to relatively large areas,
often with posterior as well as anterior position of ports,
and with greater X-ray energies, numbers of treatments
and total periods of treatment, as compared with younger
children (more recently irradiated).

114. Toyooka et al.,29 in a report of clinical aspects
of these thyroid tumour cases, indicated an equal sex
distribution of adenomas, but a greater frequency of
carcinomas in females. The mean exposure in carcinoma
cases was almost three times that for the entire group,
and the mean exposure for adenoma cases was almost
double that for the whole group. The average latent
periods were 16.3 years for carcinomas and 18.2 years
for adenomas. There was no relation between latent
period and exposure.

115. Saenger et al.24 reported a prospective study of
1,644 patients under sixteen years of age who had re
ceived X-ray therapy to the head, neck or chest during
the period 1932-1950 for benign conditions, and of 3,777
untreated siblings. Irradiation for "thymic enlargement"
accounted for 33 per cent and irradiation for cervical
adenitis for 26.9 per cent. Twenty-one per cent of the
sample received radiation therapy for two or more pre
sumably unrelated conditions. Exposures ranged from
< 50 R to 5,000 R, with 62 per cent receiving less than
400 R and 72.5 per cent receiving less than 600 R. Eleven
cases of thyroid cancer were found among previously
treated cases who were under twenty-three years of age
at the time of cancer development, and 0.12 case was
expected, giving a relative risk of about 91.

116. No one of the surveys on the incidence of thyroid
cancer among irradiated subjects makes it possible to
obtain dose-effect regression. Because of the small num
ber of cases in any individual survey only one point of
the dose-response curve can be determined from each of
them. Crude risk estimates, however, can be obtained
for a number of surveys by determining the slope of
the straight line connecting the origin with the points
obtained when the observed incidences (cases per man
year) are plotted against exposures. The risk estimates
are summarized in table XVI.

117. A single straight line can be fitted through the
incidences observed in surveys of children when plotted
against exposures. Its slope indicates that the rate of
increase of the incidence with exposure is 0.9 cases/l0B

/

y/R. Taking into account the statistical uncertainty of
the data and the probably larger uncertainties of the
Josimetry, it appears that the joint risk estimate may be
be&:ween 0.5 and 1.5 cases/10B/y/R. The estimate is based
on an average follow-up time of about sixteen years and
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is valid for acute exposure of children only in an esti
mated exposure range of 100 to 300 roentgens.

118. Analogous joint estimates had been obtained by
Beach and Dolphin1S8 through a different method of
estimation and on the basis of more limited and partly
different data. Their risk estimate (35 cases/lOs/rad)
is a lifetime risk estimate. Assuming that the period of
risk for cancer of the thyroid is between fifteen and
twenty years, Beach and Dolphin's estimate is slightly
higher than the one given in the previous paragraph.
Differences in metllod and in material can easily account
for the discrepancy.

119. The validity of an estimate of risk such as is
given here is limited, like all empirical estimates, to the
range of exposures from which it has been derived-in
the present case between 100 and 300 R. It also suffers
from the fact that the results were obtained in children
irradiated for medical reasons and may therefore be dif
ferent from the estimate that would apply to a random
sample of the population. Finally, the uncertainties in
dosimetry are high. Doses have probably been over
estimated, thus slightly lowering the risk estimate.

THYROID NEOPLASMS IN PATIENTS GIVEN PSl

120. In 1962 Sheline et al. i5 reported on a group of
256 patients with diffuse hyperthyroidism (non-nodular
thyrotoxicosis) treated with PSl between 1946 and 1953.
Eight patients (3.12 per cent) developed multiple nodules
in the thyroid glands between five and eleven years after
therapy and then had surgery. The nodules occurred in
six of eighteen patients (33.3 per cent) under 20 years
of age at the time of treatment, and in two of 238 adult
patients (0.84 per cent). The ages at time of treatment
in these tumour cases ranged from 2.66 to 29 years. One
of the children showed evidence of thyroid carcinoma of
low grade malignancy.

121. Aside from the above case, no association be
tween PSl treatment for thyrotoxicosis and thyroid can
cer has been reported.

IV. Neck tumours (excluding thyroid) after
tllerapeutic irradiation

122. Takahashi et al. ,58 in their retrospective survey
of human cancer in relation to medical exposure in Japan,
found 906 cases of cancer of the neck (excluding thyroid
cancer), namely, cancer of the pharynx, larynx, root of
tongue, cervical oesophagus, parotid gland, etc. Of these,
eleven (1.21 per cent) had histories of therapeutic irra
diation of the neck, compared with a control irradiation
frequency of 8 out of 1,770 (0.45 per cent). The differ
ence was significant at the 5 per cent level and gave an
over-all relative risk of 2.7.

123. In table XVII are presented the relative risk
values for neck cancer at various ranges of estimated
exposure. The relative risk is only 1.22 at the 500-2,000
R range and increases to 4.41 for the 6,000-8,000 R
range. The risk of radiation-induced cancers of the neck
other than thyroid cancers seems to be less than that for
radiation-induced thyroid cancer.

124. These data suggest that relatively large exposures
are required to cause substantial increase in incidence of
neck cancers other than thyroid cancer. This is in accord
with the observation by Goolden76 in his review of
pharyngeal and laryngeal cancers following radio
therapy (which in 75 per cent of patients was given for
thyrotoxicosis) that few cases did not show signs of



severe radiation damage to the skin or subcutaneous tis
sues long preceding the appearance of the cancer. It
should be noted that the severity of skin changes depends
on a number of radiological and temporal factors.

125. Pifer et al.,n in their study of 1,451 children
treated for thymic enlargement between 1926 and 1946
with exposures averaging 329 R found 3 cases of
salivary gland cancer up to 1960, compared with 0.05
case expected, and compared with 0.09 case expected in
2,073 sibling controls and none observed.

V. Skin tumours after therapeutic irradiation

126. Takahashi et al.,GS in their survey of human can
cer in relation to medical exposure in Japan noted the
increa!>e in relative risk of skin cancer with the exposure
received (table XVIII). As in the case of thyroid cancer,
though the rising trend is apparent, limits are very wide
owing to the paucity of cases.

127. The over-all relative risk was 6.0, with limits
16.3 and 2.2. With an average excess radiation of 240 R
in the cancer group the relative risk per roentgen is 2.6
per cent. Most instances of radio-therapy probably in
volved fractionated exposures and these risk estimates
may not apply to single exposures.

128. Clinical and occupational experience suggests
that the risk of cancer of the skin is low and that
radiation-induced skin lesions usually precede the de
velopment of cancer. It may well be, however, that, as
the observations are not based on well designed surveys,
radiation-induced cancers are recognized as such mainly
because of the existence of previous lesions.

129. Two studies have shown the occurrence of skin
cancer in 10 per cent77 and 28 per cent,7s respectively, of
patients with chronic radiation dermatitis. Since the
latent period may vary from three to as long as forty
eight years or more,711 those percentages may reflect in
complete ascertainment. The dependence of the fre
quency and seriousness of radiation dermatitis on dose
has not been studied quantitatively and would in any case
complicate the establishment of dose-effect relationships
for cancer of the skin. No increase in incidence of skin
cancer has been noted yet among the survivors of Hiro
shima and Nagasaki.

VI. Bone tumours

BONE TUMOURS AFTER THERAPEUTIC IRRADIATION

130. Most of the few cases of bone sarcoma that have
been reported after radiation therapy have arisen in areas
of bone containing previously either a benign tumour or
chronic osteomyelitis.so In some instances, however, the
site of origin was normal prior to irradiation. Reports of
radiation-induced osteogenic sarcoma have in some cases
indicated substantial radiation damage of bone and/or
marrow persisting before cancer development, while in
other cases this has not been detected. The lowest ex
posure thought to have caused an osteogenic sarcomaS1
is, at the present time, about 3,000 R. Most other reported
cases have received larger exposures, usually between
4,000 am! 7,500 R, sometimes greater.

131. However, Pifer et al.27 found 9 osteochondroma
cases (1.2 expected) up to 1960 in 1,451 (Series I)
children treated for thymic enlargement (from 1926
to 1946) with exposures averaging 329 R, and 2 cases
of osteochondroma (0.26 expected) up to 1960 in 1,358
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(Series II) children so treated (from 1940 to 1957)
with exposures in the same range but with a mean of
126 R. The relative risks are 7.5 for Series I and 7.7 for
Series lI, representing increases per R in the vicinity of
2.0 and 5.3 per cent, respectively. However, it should be
noted that all of the 6 cases of osteochondroma given
both anterior and posterior treatments (Series I) oc
curred within the tissues in the primary X-ray beam,
whereas 4 of the 5 cases of osteochondroma observed in
children irradiated anteriorly (Series I and II) arose in
tissues outside the primary beam. In the sibling control
groups, 1 case was observed in Series I (1.53 expected),
and no case was found in Series II (0.66 case expected).

BONE TUMOURS IN PERSONS WITH RADIUM
BODY BURDENS

132. Hasterlik et al.S2, ss have extended and confirmed
the results of earlier surveys which indicated a strong
correlation between the frequency of development of
bone tumours and the skeletal content of radium. They
reported a study of 264 persons sought out and measured
for radium content in the Chicago area who had been
formerly employed in the radium watch dial industry
(219) or as radium chemists (4), or who had received
radium as a form of medical therapy (41). With respect
to watch dial painters, this study concerned itself almost
exclusively with those women whose occupational history
antedated 1925. Detailed radiographic studies of the
entire skeleton were completed in 236 of the 264 persons.
Of the 264 persons measured for radium, there were
23 (8.7 per cent) with a body burden of < 0.001 ~Ci

Ra226 , 36 (13.6 per cent) with 0.001-0.01 ~Ci, 102 (38.4
per cent) with 0.01- 0.1 ~Ci, 62 (23.5 per cent) with
0.1-1.0 ~Ci, and 41 (15.5 per cent) with> 1 ~Ci. The
frequencies of different body burdens and the number
of cases of bone malignancy are given in table XIX.

133. Three of the 61 radiographed persons (includ
ing 43 dial painters) in the 0.1 to 1.0 ~Ci range (4.9
per cent) revealed malignant neoplasms of or associated
with the skeleton. Of the 40 radiographed persons (in
cluding 19 dial painters) containing above 1 ~Ci, 14
(35 per cent) had such malignant neoplasms. Of the 17
neoplasms, 12 were bone sarcomas (0.45 to 6.8 ~Ci),

and the others were epithelial and other neoplasms of
mastoid and paranasal sinuses (0.89 to 4.7 ~Ci). The
bone sarcoma case at 0.45 ~Ci, however, was found to
be a person with an exceptionally rapid metabolism and
therefore a higher original burden than this figure would
indicate.s,

134. Analyses of these data suffer from the fact that
the determinations of radium content of the body have
been done at least thirty-six years after the acquisition
of the radio-active material. At the present time, the
extrapolation of these burdens of radium to radium
burdens at early times is difficult and carries large factors
of uncertainty. The dial painters may, in addition, have
been exposed to substantial gamma doses over the period
of their employment at this work. Furthermore, there is
great uncertainty as to the relevant radiation dose and
its target in terms of production of osteosarcoma, e.g.
integration of radiation doses to whole skeleton, to some
unit volume of bone, etc. The radiation doses to different
units or components of bone vary greatly.

135. However, tentative and very rough estimates of
relationships between incidence and body burden have
been drawn by Hasterliks2 who analyzed data in two
body burden ranges. In the range of 1 to 10 ~Ci there was



a total of 41 persons with about 1,300 man years irra
diation experience and 14 cases of malignancy. The risk
of malignancy per man year of exposure in this group
is therefore about 1.06 X 1Q-2. In the group of 62 per
sons (2,200 man years irradiation experience) in the
0.1 to 1.0 p.Ci body burden range, with 3 cancer cases,
the risk is about 1.34 X 10-s.

136. On the basis of the assumed initial intake of
radium, it can be calculated that the risks of development
of bone tumours in the two groups are 22 and 33 X 10-6
cases per year per microcurie intake, respectively. The
selection of midpoints in the two content ranges for these
calculations involves certain assumptions concerning the
distribution of patients with different body burdens
within the two ranges.

137. Assuming as the Committee did in the past that
the cells lining bone surfaces are those that give rise to
malignancies when irradiated, crude estimates of risk
per unit dose can be obtained from these data and may be
taken to be about 4 cases/106/y/rad, or a figure of
the same order of magnitude as that for leukaemia and
thyroid cancer following irradiation from external
sources. However, comparison of the figures may be
quite mIsleading in this case, since it is not known how
much of the dose that is delivered over several decades
is, in fact, responsible for the induction. Also, the doses
are average values to the cells lining bone surfaces and
do not take account of the highly inhomogeneous distri
bution of the absorbed dose. Furthermore, the estimate
of risk of bone tumour is based on experience within two
broad dose ranges only and therefore gives no informa
tion on the shape of the dose incidence relationship nor
on the effects of lower doses. It may be noted that the
general incidence of primary bone tumours is reported
to be about 10 cases/l06/y and may, in fact, be some
what lower.

138. In these studies82 only 2 of the 264 patients
showed (by X-ray spectroscopy) evidence of the pres
ence of mesothorium as well as of Ra226. This situation
is in contrast to the patients studied by other groups in
the United States, since the dial painters in other groups
ingested paints containing varying mixtures of Ra226,
radio-thorium, and/or mesothorium. In the study by
Hasterlik et al., most of the dial painters were unselected
cases but several of the other subjects were not.

139. Aside from the study described above, Hasterlik
et al. 83 have found 2 cases (death certificates) of acute
myeloid leukaemia in radium patients, one of which was
confirmed by their study of the original blood smear
made shortly before the patient's death in 1931.

140. Barrer et al.m have given a preliminary summary
of the data from the first 150 cases studied in a large
survey in the State of New Jersey, United States. Three
(2 per cent) developed osteogenic sarcomas, associated
with body burdens of 0.6,0.9, and 1.67 p.Ci Ra226. There
was 1 case of chronic myelogenous leukaemia associated
with a body burden of < 0.0042 p.Ci Ra226. Of 190
death certificates for deceased radium cases, 64 (33.7
per cent) made mention of malignancies, of which 16
cases were of bone and periosteum (8.4 per cent) and
3 were tumours of the nose and of the paranasal si '1Uses
(1.5 per cent).

141. At the Massachusetts Institute of Technology85
there have been studies of persons with skeletal burdens
of radium or radium-mesothorium mixtures resulting
from occupation (dial painters, chemists, physicists),
from parenteral injection of radium solutions and from
ingestion of radium or radium-mesothorium mixtures.
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142. Because many of these patients are exposed to
substantial amounts of mesothorium (Ral~.) the total
radiation from decay of the mesothorium chain has been
estimated and the equivalent in terms of radiation from
Ra226 has been used, the data being expressed in p.Ci
minimum pure radium equivalent (MPRE).

143. In Decembe:r 1963 Evans et al.m reported 0~1l

237 subjects (of the more than 350 under study) who
had had radiological examinations. Of these, 76 cases
showed radiological abnormalities associated with body
burdens ranging from 0.23 to 44.0 I-LCi minimum pure
radium equivalent (MPRE). Excluding dental abnor
malities, which were almost universal in these 76 cases,
there were 18 persons with no evidence of abnormality
or disease (including body burdens as high as abou~

3 p.Ci MPRE), 19 cases of spontaneous fracture (0.6
to 20.0 p.Ci) , 23 cases of osteogenic sarcoma (0.6 to 24.0
{J.Ci), 8 cases of cancer of the paranasal sinus or mastoid
( 1.0 to 10.0 p.Ci), and 3 cases of osteomyelitis of man
dible or maxilla (15.0 to 44.0 p.Ci).

144. More recently, Maletskos et al.u8 summarized the
results of the same survey covering 361 subjects (88
males and 273 females) with skeletal burdens of Ra226
and Ra228• Two-thirds of the subjects were dial paint
ers, some of whom had received Ra226 alone and others
a mixture of Ra226 and Ra228. The !'emainder were
persons contaminated as a result of laboratory work or
by ingestion or injection of the radio-active materials.
Most of the cases studied earlier (before 1957) came to
attention because of the symptoms they developed, while
the majority of cases studied more recently were imres
tigated after being found by search. There were 299
found by search and 62 by symptoms. The main expo
sure period of the dial painters was from 1918 to 19.'25,
although a few started as early as 1915. Fourteen of the
cases had originally been examined by Martland.129-
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145. With regard to the data of Maletskos et al.,12I
one of the authors has stated :86 "At the pres,ent stage
of the statistical study of these data . . . , no clinically
significant signs or symptoms are seen with residual or
terminal body burdens of <0.5 p.Ci Ra (MPRE). With
higher residual body burdens, beginning in the neighbour
hood of 1 p.Ci Ra and extending to about 25 f-LCi Ra, the
fraction of the total number of cases which involve either
of these types of malignancies (osteogenic sarcomas
and carcinomas of the paranasal sinuses and mastoids)
amounts to roughly 7<1-." This statement need not be
taken to be in conflict with reports of radiographically
observed changes in fine structure of bone such as appear
in table XXII associated with burdens below 0.1 f-LCi.
Data on the percentages of subjects in various body bur
den ranges showing osteogenic sarcomas or cancers of
paranasal sinuses or mastoid are not yet available for
publication.

VII. Thorium-related neoplasms

146. Thorium dioxide in a colloidal suspen!'l!on,
known as Thorotrast, was widely used in diagnostic
radiology between 1928 and 1945, primarily for the
visualization of the liver, spleen, cerebral arteries and
cavities of the body. The thorium dioxide content of
Thorotrast is usually about 25 per cent by weight, but
may vary considerably. After intracavitary or extra
vascular injection, Thorotrast remains largely at the
place of injection and may be carcinogenic there, After
intravascular injection, the thorium dioxide particles
are deposited in phagocytic cells of the reticulo-endo-



thelial system, and by this means they are concentrated
in liver and spleen. Immediately a redistribution begins
which continues slowly for years and results in change
of position of the particles in the organs of concentration
and in increasing amounts in the connective tissues of
the body.

147. In 1962 DahlgrenBB reviewed the literature on tu
mours following administration of Thorotrast. He listed
68 cases of malignant tumours that had been reported,
including 3 sarcomas at the site of extravascularly de
posited Thorotrast (volume inj ected 20 rol in 1 case,
unknown in 2 cases) with latent periods of six to twenty
five years; 26 carcinomas and sarcomas in a variety of
organs (kidney, breast, eyelid, maxillary sinus, bronchi,
peritoneum, ovary, seminal vesicle) after deposition of
Thorotrast in natural cavities (volume injected known
in 4 cases, 10, 24, 30 and 30 rol, respectively) with latent
periods ranging from ten to thirty-five years; 33 malig
nant tumours (sarcomas and carcinomas) of liver and
bile-ducts after systemic inj ection of Thorotrast (volume
injected known in 12 cases: 3 cases at 20, 34 and 70 ml,
respectively; 5 cases at 75 Illl; and 4 cases at 80 ml) with
latent periods ranging from three to twenty-four years;
and 6 cases of malignant tumours in various organs
(colon, lung, spleen, kidney) after systemic injection
of Thorotrast (only one known injected volume, 15 ml)
with latent periods ranging from thirteen to twenty-four
years. The mean latent period for the total cases is 17.7
years, with mean latent periods in the four subgroups
above ranging from 16.7 to 18.3 years,

148. In 1963 Blomberg et al. B9 reported a study of
patients who had received Thorotrast injections in cere
bral angiography during the years 1932-1947. They
found 6 cases of primary malignant liver tumours (5
hepatic cancers and 1 haemangio-endothelioma) in 908
patients (about 0.66 per cent). Information on the
amount of Thorotrast injected was available for 436 of
the patients and for 3 of the 6 cases of liver cancer. The
413 patients who had received less than 30 ml showed
no tumours of liver, while 18 patients receiving between
30 and 40 ml showed 1 case of liver cancer and 2 among
5 patients receiving more than 40 ml had liver cancers.
Of the remaining 3 patients who had received more than
40 ml, 2 died during the first year after the injection and
the fifth patient was not traced. The latent periods for
the 6 liver cancer cases found in this study ranged from
nineteen to twenty-seven years, and the longest observa
tion period was twenty-nine years. Blomberg et aI.s9
indicate that the order of magnitude of the mean alpha.
radiation doses to the liver and the spleen after intra
vascular inj ection may be hundreds of rads per year.

149. According to Looney,91 the accumulated mean
radiation dose to the liver in Thorotrast-injected pa
tients who developed Kupffer cell sarcoma of the liver
(mean latent period 15 ± 7 years) was of the order of
1,000 to 1,500 rads. The estimated accumulated dose to
the liver of one patient who developed an hepatic tumour
only three years after 20 ml of Thorotrast was about
100 rads.

150. However, it should be emphasized that there are
enormous difficulties involved in attempts to determine
dose parameters and the doses relevant to cancer inci
dence for thorium dioxide. After intravascular injection,
the distribution of the material, and therefore of the
radiation as well, is extremely non-uniform and changes
with time. The radiation, consisting of alpha-, beta-, and
gamma radiation in the ratio 90:9:1/32 is confined largely
to a very short radius from the particles of origin and
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is absorbed to variable degrees by the particles or par
ticulate agglomerations of origin themselves. It should
also be mentioned that irritation of tissues by the par
ticles, apart from effects of radiation, cannot be dis
counted as a factor in the pathogenesis of tumours. Data
from experimental mammals,t86 using non-radio-active
zirconium hydroxide in colloidal suspension, give some
support to that view.

151. According to Wald et al.,10 various case reports
and follow-up studies have resulted in the accumulation
of about ten instances of leukaemia following thorium
injection. In 6 cases for which detailed data were avail
able, the latent period was 12 -I- 7 years. A causal rela
tionship has not been established between leukaemia and
Thorotrast injection.

VIII. Lung cancer in miners

152. A review of earlier studies of lung cancer related
to radiation in miners has been published by Stewart
and Simpson. 92

153. In 1926 Rostoski et al. 98 reported that in miners
(pitchblende) in the Schneeberg region of Saxony,
dying between 1921 and 1926, about SO per cent had
carcinoma of the lung, with the majority originating in
large bronchi, while the incidence of lung carcinoma in
the control groups was not noteworthy.

154. Pirchan and Sikl94 found that about SO per cent
of the miners (pitchblende) of J achymov, dying in 1929
and 1930, also had carcinoma of the lung. Observations
of these miners up to 1939 confirmed earlier findings.

155. Although these mines contain several potentially
carcinogenic materials including arsenic and cobalt, these
elements are also found in many mines where there is no
particularly high incidence of carcinoma of the lung.
Radium itself, as a constituent of the airborne dust in
the mines, has been suspect, but measurements of the
radium content of the lungs of deceased miners have
shown no substantial difference from that in the average
human of middle age. Silicosis and silicotuberculosis
have been considered as contributing causes since at
]achymov nearly half the miners died of either silicosis,
tuberculosis, or a combination of the two, and pneumo
coniosis was often found at autopsy in the Schneeberg
miners as well.

156. The opinion is now generally held that airborne
radon in the mines may probably be the most essential
factor in the production of lung cancer, The Jachymov
and Schneeberg mines have radio-active air and radio
active ore in common.

157. According to Bale95 the major portion of the
radiation dose from Rn222 stems from the decay of the
short-lived daughters (RaA through RaC') that are
carried by the atmosphere in varying degrees of equi
librium with the radon parent and are trapped in the
lungs. Radon itself and the daughter products of its
decay while in the lungs contribute only about one part
in a thousand of the total dose to the bronchial epi
thelium.

158. Chamberlain and Dyson96 concluded from ex
periments that the major portion of the radiation dose
to the trachea and large bronchi was attributable to the
fraction of RaA preformed in the inhaled atmosphere
and unattached to dust or condensation nuclei.

159. Evans and Goodman97 summarized data on the
radon content of the air in the Schneeberg and Jachymov



mines and concluded that the average radon concentra
tion to which the min. rs had been exposed was about
2.9 X to-I Ci/l. They concluded also that prolonged
breathing of an atmosphere containing about 10-1 Cill
of radon may have been responsibl~ for the increase m
the incidence of lung cancer observed in the Schneeberg
and Jachymov miners.

160. In 1945 Mitchell,a considered it possible that the
average radon concentration was higher in the years
before the hazard was recognized and regarded a level
of about 1.5 X 100a CiJl as a reasonable estimate of
average concentration.

161. Assuming a linear relationship between concen
tration of Rnlll and duration of exposure and the lung
cancer incidence, and using the Schneeberg and Jachy
mov experience, Evans and Goodman9T in 1940, anJ
MitcheU'S in 1945 suggested MPC (maximum permis
sible concentration) values for human exposure to air
borne Rnm and daughters of 10-11 CiJl and 5 X 10-11

CiJI, respectively. From the literature Mitchell con
cluded that the approximate 50 per cent incidence of
lung carc~noma in the Jachymov miners was associated
with employment of the order of ten years and exposure
during working hours to a concentration of radon not
less than 2.5 X lO-s Cill. To reduce the incidence of lung
carcinoma to about that of the com..11lunJty as a whole,
i.e., to the order of 0.1 per cent for ten years, the con
centration of radon in the air would have to be reduced
to 5 X 10-11 Cill.

162. Sikl91 in 1950 stated that in his experience the
average duration of exposure associated wiLh carcinoma
of the lung was seventeen years, the sho:,test thirteen
years. .

163. Jacoe100 in 1953 in his search for airborne radon
in tunnels and non-uranium mines in Colorado, mostly
in areas of little air movement, found a range of con
centration from zero (instrumental) to one reading of
2.1 X 10-9 CiJl. Most of the samples were in the range
of 5 X 10-10 to 10-11 Cill.

164. Harris101 in }:is examination of atmospheres
in zinc, iron and talc mines in New York, where ven
tilation was low, found radon concentrations ranging
from 4 X 10-11 to 10-12 Ci/l.

165. Oosthuh~en et al.102 in their measurements of
radon concentrations in the air of the gold mines of the
East, Central and West Rand, South Africa, found in
areas where the uranium content of the ore was too low
for economic extraction, average radon atmospheric con
centrations in the range from 2.5 X 10-11 CiJI, to 5 X
10-11 Cill, with measured values as high as 2 X 10-10 to
3 X 10-10 Cijl. In mining areas where the extraction of
uranium was economic, radon concentrations in the
mines were in the range from 10-10 to 5 X 10-10 CiJl.
These authors reported that the incidence of lung can
cer in a large group of underground workers was in
vestigated in two independent surveys, and in each the
incidence was similar to that observed in a comparable
age group of the population at large.

166. Yourt10S found in dead-end drifts in a number of
non-uranium hard-rock mines (gold mines) in Northern
Ontario radon concentrations with a median in the
range of 1.2 X 10-11 to 1.5 X 10-11 Ci/l.

'67. No gross excess of lung cancer has been noted
in the miners employed in non-uranium mines in Colo
rado, New York State or northern Ontario. However,
there apparently has not been a study carried out to de
tect small significant increases in incidence.

97

168. Earlier calculations of radiation dose retel'.red
by the bronchi of the Jachymov miners were made by
Mitchell,9a who concluded that the epithelial cells of the
main bronchi received about 0.13 rad of alpha radiation
in eight hours of exposure, and by Evans,IlK who cal
culated that the total dose to the bronchus during the
duration of underground exposure (average seventeen
years) amounted to about 600 rads.

169. Later, Bale,9s taking into account the short-lived
daughter products preformed in the radon-containing
atmosphere, calculated the dose rate to the epithelial layer
of bronchial tissue from 10-10 Ci RnIlIj1, 10-10 Ci RaAJl
and 5X 10-11 Ci RaCII as being 1.0 radj40-hour week.
In comparison with previous calculations of the dose
from the same radon concentration, this value is about
2,000 times that predicted by Evans and GoodmanlT in
1940, about 300 times that predicted by Mitchell9s in
1945, and about 100 times that predicted by Evans1lK
in 1950.

170. De Villiers and Windish10s reported that 23 of
the 51 deaths (45 per cent) among miners with one or
more years of underground experience in the fluorspar
mining community of St. Lawrence, Newfoundland,
during the ten-year period 1952-1961 were due to pri
mary lung cancer, chiefly near the hilum of the lungs.
A shift in the average age at death of the lung cancer
cases to involve younger age groups, and an association
between age at entry into risk and age at death, were
also observed. The number of deaths expected as a
result of malignant neoplasms of trachea, bronchus and
lung among the total of 71 deaths from all causes in all
St. Lawrence miners during 1952-1960, based on 157
such deaths among 15,264 deaths (less those among St.
Lawrence miners) from all causes in males of New
foundland, was 0.73. The 21 observed cases among the
71 miners dying of all causes was 28.8 times this expected
number. The ratios for the four ten-year age groups
between 25 and 64, inclusive, were 43.2 (25 to 34 years),
10.6 (35 to 44 years), 16.0 (45 to 54 years), and 8.0
(55 to 64 years). Considerable numbers of deaths from
tuberculosis and pneumoconiosis were also found.

171. The most outstanding environmental finding in
the mines at St. Lawrence has been the discovery of
concentrations of radon and daughters in air, well in
excess of suggested MPC levels. On the basis of these
concentrations and other considerations, it was sug
gested that underground workers were probably exposed
to an average potential alpha energy to complete decay
of between 2.5 and 10 times the previollsly suggested
working level of 1.3 X 105 Mev per litre of air for a
forty-h(\ur working week.13~These levels were measured
in mines in which no radio-active ore bodies had been
found. The mine water was regarded as the source of
the radon.

172. The more important findings relating to St. Law
rence, Jachymov and Schneeberg, and to the uranium
mines of South Africa. and the United States, are com
pared in table XX which gives data on radio-activity in
various mines and the associated incidence of lung can
cer. The incidence of lung cancer at St. Lawrence as a
percentage of miner deaths rang~s between 33.3 per cent
(23 of 69 underground miner deaths 1933-1961) and
45.1 per cent (23 of 51 underground miner deaths 1952
:961).

173. Wagoner et aI.m reported recently on a study
of Lle cancer mortality pattern of a group of United
States uranium miners and millers for the thirteen-year
period 1950-1962 and compared their age-race-cause-



specific mortality experience with that of the general
male population of the Colorado Plateau area. Among
white uranium millers, total- and cause-specific mor
tality did not differ significantly from that expected.
Among white uranium miners, 218 deaths were observed
as compared with 148.7 expected (P < 0.01). Cate
gories in which death significantly exceeded that ex
pected were: (a) respiratory neoplasms among uranium
miners with five or more years underground experience
(11 observed as compared with 1.1 ex~cted or a relative
risk of 10); (b) "all other causes", In the same ~oup
of miners, a reflection of pulmonary fibrosis and its com
plications; and ( c) accidents, particularly in mines,
regardless of type of employment or duration of under
ground mining experience. The tenfold increase in res
piratory cancer was not attributable to age, smoking,
heredity, urbanization, self-selection, diagnostic accu
racy, or prior hard-rock mining or other ore constituent,
including silica dust. The evidence presently available
implicates airborne radiation in the genesis of this in
crease in respiratory cancer.

174. The data available in miners from Jachymov,
Schneeberg, the Colorado Plateau and the St. Lawrence
region strongly suggest that cancer of the lung can be
induced by inhaled radon and its daughters. Risk esti
mates cannot, however, be obtained from these groups
because only the relative frequency of lung CciIlcer among
all cases of death is known, rather than the mortality
from lung cancer in the population of miners.

IX. Over-all incideli~e of neoplasms after
total.body irradiation

JAPANESE A-BOMB SURVIVORS

175. The 1962 repOrL discussed the report of Harada
and Ishida106 on the incidence of neoplasms among sur
vivors of the Hiroshima A-bomb during the period April
1957-December 1958. The data were obtained from the
tumour registry and were not based on the Atom Bomb
Casualty Commission (ABCC) closed sample. The in
cidence of neoplasms varied inversely with distance from
hypocentre. Tr..e "doubling dose" for cancer incidence
was estimated as having been received at about 1,300
metres from hypocentre, where the dose was approxi
mately 400 rads.s

176. Studies of the mortality of A-bomb survivors re
cently reported107 show that in a subsample of 20,000
persons (ABCC Medical Subsample, Selection I, 1950
1958) there is thus far no evidence of a higher general
mortality in the more heavily irradiated groups. When
mortality from specific causes was studied, the well
known leukaemogenic properties of radiation were
clearly reflected, but for no other causes were radiation
effects seen, In this study the non-exposed group was
deemed tmsatisfactory as a control, at least for the
periods in question, since it was characterized by ab
normally low mortality in relation to both the exposed
survivors and the Japanese population generally, and
deaths from tuberculosis and cancer 'were notably defi
cient. Therefore, the control of this study relied on com
parison of persons exposed at different distances from
the hypocentre.

177. Zeldis et al.57 reported recently on the Hiro
shima and Nagasaki tumour registry study of cancer
incidence covering a further twelve months in Hiroshima
in addition to the twenty months already reported by
Harada and Ishida106 (May 1957-December 1959), and
on the first thirty-six months in Nagasaki (April 1958-
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March 1960). Neoplasms diagnosed prior to the begin
ning of these studies were eliminated, and analyses were
based on the more restricted, but known, Life-Span
Study population rather than on the total city population.

178. In table XXI are shown crude incidence rates
and age-sex-adjusted rates of malignancies (excluding
leukaemia) per 100,000 persons. The indicated excess of
malignanCies in the most proximally exposed group in
Hiroshima is not so large as that previously reported on
a city-wide basis by Harada and Ishida,108 but the
gradient of incidence with exposure distance is statis
tically significant. In Nagasaki, with a considerably
smaller number of collected cases, variations with expo
sure distance are not significant. For reasons not under
stood, the incidence in the non-exposed group in Naga
saki (particularly in males) is significantly greater than
in exposed groups.

179. Figures now availablelST allow some comparison
to be made between the number of cases of leukaemia
and that of all other forms of cancer which may have
been induced by radiation. During the years 1950-1959,
36 more deaths from leukaemia (standard error 6.4)
occurred amongst the groups of people who had been
exposed within 1,400 m of the hypocentre at Hiroshima
and Nagasaki than was to be expected from the mortality
amongst those exposed to lower doses of radiation at
between 1,400 and 2,000 m. During the same period, 30
more deaths from other forms of malignant disease
(standard error 13.6) occurred in the former group than
were expected on the basis of mortality in the latter
group. In this comparison, therefore, the number of
deaths from all malignancies other than leukaemia, in
excess of those in the comparison population, was 0.8
(standard error 0.4) times the excess number of deaths
from leukaemia occurring in the same population and
during the same period.

180. It seems probable that the mean latency for
radiation-induced leukaemia is less than that for othe:
forms of radiation-induced malignancy for which infor
mation is available and, therefore, that within the period
of this survey (extending to thirteen years after irradia
tion) the proportion detected of all deaths that would
finally occur would be greater for leukaemia than for
other malignancies. For this reason the value of the ratio
may be expected to rise somewhat in coming years and
cannot vet be assessed accurately. Moreover. these data
are based on mortality statistics and not OIi morbidity
records, and so may not accurately reflect even the present
incidence of disease. It already seems evident, however,
that leukaemia (in acute forms and the chronic myeloid
form), which normally accounts for only 2 per cent of
all deaths from malignant disease, is increased in its
incidence by radiation received under these circum
stances, by a much larger factor than is the total of all
other forms of malignant disease.

POPULATIONS EXPOSED TO HIGH LEVELS OF
ENVIRONMENTAL RADIATION

181. Gianferrari et al.m made a survey of births,
deaths and other relevant variables in some communities
of the Cervo Valley, Italy, where the background radia
tion is higher than normal (average total exposure of
gam'11a radiation 15 R per thirty years), and in a nearby
ared similar geographically, socially and economically
except for one-fifth (3 R per thirty years) of the back
ground radiation level. Tht. average uranium content
(as U sOs) in various alimentary sources in the respec
tive low background and high background areas was:



soil 1.0, 20.8 mgJkg; drinking water 0.06, 0.24 pgjl;
vegetables 0.3 17.7 mg/kg; and fodder 0.4, 18.4 mg/kg.
In the high radiation area the observed proportion of
deaths from cancer was higher than expected in every
age group. However, the increase was statistically sig
nificant only in the sixty-one to eighty-year age group.

CHILDREN EXPOSED in utero TO DIAGNOSTIC IRRADIATION

182. In the first reports of the retrospective study
by Stewart et al.80, 81 of the relationship of pre-natal
diagnostic X-ray exposure to subsequent development
of leukaemia and other malignancies in children dying
under ten years of age, it was found that more of the
mothers of children dying of cancer had received ab
dominal X-ray examination durir.g the relevant preg
nancy than had mothers of control (living) children.
Of the twenty mothers X-rayed in the first half of preg
nancy, eighteen were mothers of children dying of can
cer and only two were controls. The ratio of foetal
irradiation in cancer cases to controls was 1.7 for deaths
up to the age of four years and 2.5 for deaths from five
to nine years of age.

183. The frequency of viral infections and threat
ened abortions was also significantly higher among the
mothers of the dead children. X-ray exposures in in
fancy, acute pulmonary infections and severe injuries
were three post-natal events significantly increased in
children who subsequently died of leukaemia. Excessive
maternal age was related to increased incidence of
Down's syndrome and increased risk of leukaemia.

184. More recently, in an extension of the survey,
Stewart82 concluded that most childhood cancers and
leukaemias were pre-zygotically determined, that the
recent increase in incidence of childhood leukaemia was
due to the pre-zygotic form, and that the maximum in
cidence of that form occurred earlier than the maximum
incidence of pre-natalleukaemias.

185. MacMahon's prospective study89 of this problem
utilized a study population of 73,243 children born in
the years 1947-1954 and the frequency of intra-uterine
X-ray exposure estimated from a 1 per cent systematic
sample. Abdominal or pelvic X-rays were recorded in
770 (10.6 per cent) of the 7,242 single pregnancies in
the sample, and a total of 584 children born in the study
sample who subsequently died of cancer before the end
of 1960 were identified. There were 85 (15.3 per cent)
of the 556 cancer deaths born of "single pregnancies"
which had maternal abdominal or pelvic X-ray recorded,
as compared with 770 of the 7,242 (10.6 per cent) single
pregnancies in the whole 1per cent samples (P < 0.05).
After correction for indirect associations with birth order
and other complicating variables, it was estimated that
cancer mortality was about 40 per cent higher in the
X-rayed than in the non-X-rayed members of the study
population. This relationship held for each of the three
major diagnostic categories: leukaemia, neoplasms of
the central !'ervous system, and other neoplasms.

186. The excess cancer mortality in the X-rayed
group was most marked at ages five to seven years, at
which time the relative risk was 2.0. The excess risk
was apparently exhausted by age eight years. A trend
toward higher ml"rtality in the more heavily exposed
children was small at'r{ not statistically significant. No
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significant variation with stage of pregnancy at exposure
was evident.

187. The most important determinant of the amount
of pre-natal X-ray exposure appeared to be birth order.
First births had three times as many exposures, and
greater doses, than later births. There was little change
with birth order after the first birth.

188. In MacMahon's study the ratio of 556 cancer
deaths in 7,242 sample births indicates a total cancer
mortality rate of 76.8/1()5 single live births. Since in
both the zero to four and the five to nine-year age
groups for United States children born in 1950, leu
kaemia accounts for about half of all deaths, he regarded
it as likely that the probabilities of dying from any
neoplastic disease during these age intervals were ap
proximately double the values for leukaemia. Applying
these probabilities to the population of his study, he
estimated that the study population would be expected
to yield 388 cancer deatbs in the first five years of life
and 246 in the second five years (total 634). The ob
served numbers were 352 and 197, respectively (total
549). Eighteen other cancer deaths occurred at age ten
years or older.

189. A deficit of 20 per cent of the e.xpected deaths
for the five to nine-year age group can be accounted for
to some extent because the population has so far been
followed for only three-fourths of the person-years
necessary for complete ascertainment.

190. Using an indirect method of standardization,
MacMahon calculated that the cancer mortality rate in
the X-rayed population, adjusted for the several vari
ables, was 10.31 per 10,000 live births. Using this value,
he obtained a relative risk for all cancers of 10.31/7.8
or 1.42, compared to that of 1.52 without adjustment.

191. MacMahon, in estimatini relative risk for mal
ignancy from Stewart's data, excluding twins and taking
into account Stewart's figure of 1.16 as the measure of
bias in mothers reporting, and including all abdominal
X-ray during the relevant pregnancy, derived a figure
of 1.65, not very different from that derived in his study.

192. Stewart's data, however, indicate no appreciable
decline in relative risk even at the highest ages included,
whereas MacMahon's data show no increased risk after
the age of seven years.

193. Recently, MacMahon and Hutchison108 reviewed
eleven published studies (to September 1, 1962) on the
question of relative risk of malignant disease in children
from e.xposure to X-ray in utero. The relative risks in
five of these studies21•86-'S,101l were less than one, and in
six studies81.8s-8~.811.11o were greater than one. However
in view of the great over-iap in the confidence limits of
all eleven studies, they tested the possibility that all
studies were consistent with a single risk value and
found the maximum likelihood estimate of this common
risk value by computing the weighted mean of the eleven
observed relative risks. They concluded that there was
no inconsistency in the findings of the eleven studies,
and that the five studies reporting relative risks less
than one all involved small samples with large expected
sampling variability. The maximum likelihood estimate
of the risk involved is 1.40, and the true value may be
expected to be within the range of 1.20 to 1.64
(P = 0.05).



TABLE I. INCIDENCE OF LBUUEJIL\ IN HIROSBllIA. (1946-1Si62)
(Co"'~J,tnrt clGI4 of Wala1l4bc')

ToMl ~lIl4Jioll Hin»lli_ No~~lIl4tiollHin»llillllla
&~II1~oll HAw1li_

( • ill 5 000 1lNIrU)
~iadHINElcuss

PV30llS Com Com PV30IIS C4SCS CIIS" PV:JOIlS Com Com CGHS all Ja/i411
Oltsll :HIW 1I1l111bfr No. 10-1 1111111_ No. 10'"

,,__
No. 10-1 IQ-I C4SCS 1Q-1

1946•..••••..•• 171,204 2 1.17 72,135 1 1.38 99,069 1 1.01 0.00
1947••.•••••... 222,434 6 2.70 123,607 1 0.81 98,827 5 5.06 US 1.07
1948•.••••..... 246,134 15 6.09 147,548 4 2.71 98,586 11 11.16 8.45 1.19
1949••.....•... 262,832 21 7.99 164,498 9 5.47 98,334 12 12.20 6.73 1.37
1950••.•.•••.•• 285,712b 13 4.55 187,61Qb 1 0.53 98,1021> 12 12.23 11.70 1.47
1951 •••..•.••.. 297,758 20 6.75 199,898 3 1.50 97,860 17 17.37 15.87 1.58
1952 ••••..••.•• 321,973 17 5.28 224,355 8 3.56 97,618 9 9.22 5.66 1.67
1953 ••••.•.•... 339,432 22 6.48 242,055 6 2.48 97,377 16 16.43 13.95 UU
1954........... 361,367 17 4.70 264,232 4 1.51 97,135 13 13.38 11.87 2.12
1955••......•.. 360,808 22 6.10 263,915 8 3.03 96,893 14 14.45 lU2 2.28
1956••.•..•..•. 382,011 18 4.71 285,360 5 1.75 96,651 13 13.45 11.70 2.41
1957••••.•.••.. 396,730 17 4.29 300,321 7 2.33 96,409 10 10.37 8.04 2.44
1958•••....•••. 412,707 21 5.09 316,539 10 3.16 96,168 11 11.44 8.28 2.65
1959.•..•.•••.. 426,564 26 6.10 330,638 10 3.02 95,926 16 16.84 13.82 2.67
1960•..•.... '" 431,285b 15 3.48 335,601h 11 3.28 95,684b 4 4.18 0.90 2.80
1961 ••.•......• 459,301 22 4.79 363,859 10 2.75 95,442 12 12.63 9.88
1962•....••.... 479,379 14 2.92 384,000 6 1.56 95,379 8 8.42 6.86

TOTALS 288 83.19 TOTALS 104 40.83 'TOTALS 184 189.84 149.38

• Non-ex~sed population presumably includes early entrants after detonation.
b Figure rom census for year indicated.

TABLE Il. RISK OF LEUKAEMIA IN HIIl.OSHDlA A-BOMB SURVIVORS'
(l946-196Z, opm POPUlation)

M,tr,s!rom
hypoc.7lI"

0-1,500
1,500-5,000

0-5,000

Eslimat,d Raliolo
dos. ra1lf,a Expos,d UllkOlmill Cas,s 10-1 .xp.d,d

(rod) populalio" CllSts ,xposed incilknceb

> 10,000-200 11,839 127 1,072 26.0
200- < 1 87,230 57 65 1.6

> 10,000- < 1 99,069 184 186 4.5

• Without correction for attenuation by shielding.
b The expected incidence is that observed in the period 1946-1962 in the population beyond

5,000 m., namely 41 X 10-1•

TABLE Ill. AVERAGE INCIDENCE OF CONFIRMED LEUKAElIIIA IN RESIDENTS OF HIROSHIl\IA AND
NAGASAKI IN 12 YEARS (1947-1958) BY CITY OF EXPOSURE AND DISTANCE FROlll HYPOCENTRE.
ABCC MASTER SAMPLE

(Modified/ram Brill et al.?)

Hiroshima Nagasaki

Distan" No. Man-y Casts IQ-I No. Man-y Cas.s 10-1

(m.',.s) l,"ka.mia al risk Man.y l,"ka.mia al,isk Man·y
dost (rad)a caseS 1947-1958 at risk cases 1947-1958 at ,isk

0-999 m.
(!.400- > 10,000) . 20 14,638 1,366 3 5,330 563

1,000-1,499 m.
(200-1,400) ....... 39 126,446 308 20 37,758 530

1,500-1,999 m.
(30-200) .......... 9 214,629 42 3 44,197 68

2,000-9,999 m.
«1-30) ........ 21 747,827 28 34 925,653 37

TOTAL 89 1,103,540 81 60 1,012,938 59

• Uncorrected for shielding.
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TABLB IV. LEUlWUIIA INCIDENCE IN ABCC MASTER SAMPLE IN 9 YlWlS (1950-1958) BY
JtADIATION DOSE (COJtUCTED FOR LIGHT SBlELDING) IN HIROSBJ)(A AND NAGASAEl

(Modijifdf,om BriU et al.1)

HiroslliWla Nac/Uui

No. Jlatt'l Casu lfr' Ratio /0 No. Matt-y C/Ucs lfr' Ratio 10
lellkamia at n's .Matt-y "~,.tl led_ia atrislc Jlatt-y "~tetl

DoIa iaNds (;/UU 1950-195' aI rislc iltl:,tlaltl:aa (;11$11$ 1950-1958 a/rislc iltl:,tlaau·

> 1,280•••.•.•.•. 5 3,204: 1,561 78 0 387 0
641-1,280••••••.•• 10 9,999 1,000 50 3 1,341 2,237 112
321-640•••••••... 5 7,623 656 33 2 2,04:3 979 49
161-320•••.•••.•. 7 21,888 320 16 4 6,408 624 31
81-160••..•••.•. 7 37,278 188 9 6 12,681 473 24
41-80••...•••.•. 3 48,798 61 3 0 11,565 0
21-40••••••.•... 2 48,402 41 2 1 9,981 100 5

f}-2Ob ••••••..•. 12 547,839 22 1 9 217,782 41 2--- -
TOTAL 51 725,031 70 3.5 25 262,188 95 4.8

a The expected incidence is the estimated yearly incidence in Japan in the period 1951H958,
namelr 2 X 10-'•

.. neludes A-bomb survivors exposed between 2,000 and 10,000 metres.

TABLE V. INCIDENCE OF LEUKAEMIA (1950-1962) AMONG EAJlLY ENTRANTS INTO
HIROSHIMA AFTER A-BOMB EXPLOSION

(Modified f,om Watanabll')

Casu att/eretl Casas Cfllnad Cas~ Cfl/nad Casas afllnad
villli.. 3 days 3-7 days after 7-14 days a/In tIIi/hifl 2_11$

Population••••...••..•...•... 25,799 11,001 7,326 44,126
No. of leukaemias developed.•.• 27 5 7 39
Incidence per 100,000 per year". 8.05 3.50 7.35 6.79

-Average yearly incidence of leukaemia for 13 years (1950-1962) in non-exposed population
(beyond 5,000 metres) in Hiroshima, computed from data of Watanabe,' was 2.34 X 10-1.

TABLE VI. INCIDENCE OF DEATH FROM LEUKAEIIIA IN PHYSICIANS 1.

Ratioof
G_alLell- i..cideflccs

Total kacmia radiolocists: popllla/iofl
O(;(;llpa/ioll Timc Place deaths· deaths IflCidcflCe allphysiciallS iflcideflCc Re!crafll:a

Radiologist.•... , •••............ 1929-43 USA 175 8 4.57% Marchu1

~ Non-radiologist ............... 1929-43 USA 50,160 221 0.44% 10.3:1

All physicians.................. 1933-42 USA 26,',::8 143 0.53% 0.39% Henshaw and Haw-
kinsu,

Radiologist•••.....••....•..••.. 1938-42 USA 95 5 5.30% Dublin and Spiegel-
10.6:1 manU7

All specialists..... " ., .....•.. 1938-42 USA 2,029 19 0.94%
All physicians ................ 1938-42 USA 12,419 62 0.50%

Radiologist.•.......•.•......••. 1944-48 USA 124 6 4.84% MarchUi

Non-radiologist..•.•.•...••.•. 1944-48 USA 15,637 113 0.72% 6.7:1

All physicians.••.....•.......•. 1947-51 USA 11,481 133 1.20% 0.52% Peller and PickUl

Radiologist.....•.....••.•...... 1949-58 USA 296 11 3.71% CronkiteUL
All physicians................ 1949-58 USA 23,393 221 0.77% 4.8:1

Radiologist........•............ 1897-56 G. Brit. 463 3 0.65% Court Brownu1

Eire
Radiologist......•.....•.....•.• 1938-42 USA 205 8 3.90% U1richUl

Non-radiologist ....•.........• 1938-42 USA 34,626 158 0.44%

Radiologist.•..............••••. 1952-55 USA 3.57% Melville in Schwartz
3.6:1 and UptonUl

Non-radiologist ..••....•....•• 1952-55 USA 1.00%

Radiologist••............•....•. 1930-54 USA 3.65% 0.39% WarrenUll

Non-radiologist with X-ray...•• 1930-54 USA 2.33% (1950)
Non-radiologist without X-ray.• 1930-54 USA 0.63%

- With known diagnosis.
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TABLE VII. MORTALITY AMONG RADIOLOGISTS: DEATHS ATTRIBUTED TO CANCERS OF THE LYK
PHATIC AND BLOOD-FODING TISSUES AND FROM APLASTIC ANAEMIA. ONLY DEATHS OCCURRING
BETWEEN THE AGES OF 35 AND 74, INCLUSIVE, IN THE 14-YEAR PERIOD, 1948 TO 1961, ARE
INCLUDED •

b.,.,. N ,,,,,btr of dealhs
"aIiOl.al Mortality 950/0

code P"'lfciPal Ob- Ex. ratio CO'lfjdC"Cll
rubril: d,SCOSll scrwd Pllclcd p, (M.R., M.R.

200......•..Lymphosarcoma 4b 2.4 > .05 1.7 0.5 to 4.3
201 •••....•. Hodgkin's disease 1 1.6 > .05 0.6 0.02 to 3.5
202,205 ••... Lymphoblastoma 1 0.38 > .05 2.6 0.07 to 14.6
203 .•....••• Multiple myeloma 5 1.01 .004 5.0 1.6 to 11.6
204...•...••Leukaemia 12 4.02 .001 3.0 1.5 to 5.2
292.4••......Aplastic anaemia 4 0.23 .0001 17.0 4.7 to 44.5

• Probability that the observed number of deaths, or a larger number, would occur by chance.
b Includes two deaths from lymphosarcoma, one from reticulum cell sarcoma, and one from

malignant lymphoma.

TABLE VIII. NUMBER OF MEN RECEIVING THERAPEUTIC RADIATION TO THE SPINAL MARROW BY 31/12/54, AND
MAN-YEARS AT RISK FOLLOWING EACH LEVEL OF EXPOSURE THROUGHOUT THE PERIOD OF OBSERVATION: STUDY SERIES

MelJn e"posure to No.ojmen No. of man·years Mean e"posure 10 No. of men No. ofman·~'ears
spixal marrow expa3~d at risk following spinal marrow e"posed at risk followi'lg

(r~nlgell) by 31/12/54 e"posure (r~nlgen) by 31/i2/54 e"posure

Less than 250............. 1,153 8,184 1,750-1,999 ............... 305 1,550
250-499 ....•............. 1,708 10,339 2,000-2,249 ............... 172 939
500-749 ....•......•...... 1,912 10,126 2,250-2,499 ............... 118 509
750-999 .................. 2,268 11,654 2,500-2,749 ............... 44 283
1,000-1,249............... 2,124 10,632 2,750 or more'............. 45 151
1,250-1,499............... 938 5,098
1,500-1,749............... 500 2,437 TOTAL 11,287 61,902

• Average exposure-3,043 R.

TABLE IX. THE NUMBERS OF PATIENTS WHO DEVELOPED LEUKAEMIA, AND THE CRUDE AND STANDARDIZED INCIDENCE RATES,
AFTER DIFFERENT MEAN EXPOSURES TO THE SPINAL MARROW: MALE "A" AND "D" CASES, EXCLUDING CO-EXISTENT CASES 11

MelJn e"posure 10 sPinal marrow (R)

Less 2,750
tMn 250- 500- 150- 1.000- 1,250- 1,500- 1,750- 2,000- 2,250- 2.500- or

oa 250 499 749 999 1,249 1,499 1,149 1,999 2,249 2,499 2,749 more Total

No. of men developing leukaemia
"A" cases.•....•.•..••.•...• 1 2 6 3 7 2 3 1 2 3 1 1 32
"A" and "B" cases..•.••..... 1 3 6 4 8 3 3 1 2 4 1 1 37

Crude incidence per 10,000 men per
year

"A" and "B" cases.•.••••••.• 0.49 2.16 4.59 6.99 12.18 63.65 5.9B.

Standardized incidence per 10,000
men per year

"A" and liB" cases••••••.•••. 0.49 1.98 4.66 7.21 1404": 72.16 5.9B.

• The rate given for "zero" therapeutic exposure is the corresponding rate among men of the same a~e-distributionand observed
over the same period, calculated from the mortality from leukaemia experienced by the whole male population of Britain.
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TABLE X. TIIB INCIDENCE OF LEUKAEMIA AFTER DIFFERENT KEAN EXPOSURES TO THE SPINAL KARROW:
KALE "A" AND "B" CASES GIVEN ONLY SPINAL IRRADIATION, EXCLUDING COEXISTENT CASES 11

M,all '%/>OS1lr, 10 spilllll ",arrow (R)

o
Uss
IIlall
Z50

Z50
499

5OD
749

'150
999

1,000
1,.'49

I,Z50- 1,5OD- 1,750- Z,OOO
1,499 1,749 1,999 llI'lIIll1'lI" ToIlIl

No. of man-years at risk following
7,673 6,573 679 40,247exposure.......•.......•••... 5,404 8,262 7,411 2,782 897 566

No. of men developing leukaemia
17"A" cases..••... · ..... · .. · 0 2 4 3 4 0 2 1 1

"A" and "B" cases. '" ..•.. 0 2 4 3 5 0 2 1 1 18

Crude incidence per 10,000 men
per year

0.49 1.53 4.72 6.75b 8.120 4.47"A" and "B" cases .........

Standardized incidence per 10,000
men per year

6.82b 8.70· 4.47"A" and "B" cases. '" . '" . 0.49 1.44 4.83

- Average exposure, 2,290 R.
b For the group receiving 1,000-1,499 R the crude incidence is

4.91; standardized incidence 5.06. For the group receiving 1,000
1,749 R the crude incidence is 6.31; standardized incidence 6.82.

• For the group receiving 1,500 R or more the crude incidence
is 18.68: standardized incidence 19.86. For the group receiving
1,750 R or more the crude incidence is 16.07; standardized
incidence 16.82.

TABLE XI. OBSERVED AND EXPECTED NUMBERS OF LEUKAEMIA CASES IN
CHILDREN IRRADIATED FOR "THYMIC ENLARGEMENT"

(Modified/rom Pi/er et al.17)

Series grOWP Trealed

Series I

Siblings

Series II

Treated Siblings

Number of persons. 1,451
Average age (yrs.) at observation. . 18.5
Leukaemia cases (total) ,. .. 6
Cases expected- (local). . . . . . . . . . . . . . . . . . . . 0.96
Ratio obs./expected , . . . . . . . . . . . . . . . . 6.25
Mean exposure (R) for cases. . . . . . . . . . . . . . . . 336

(150-684)
Mean exposure for series... 329
Cases < 200 R. . . . .. . . . . . .. . . . . . . . . . . . 4
Cases> 200 R. . . . . . . . . . ... . . . .. .. . . . 2

2,073

o
1.27

1,358
8.1
o

0.51

126
o
o

2,256

1
0.87
1.15

- Cases expected on the basis of records for upstate New York, the area in which the children
were treated.

TABLE XII. RELATIVE LEUKAEMIA RISK IN RETROSPECTIVE STUDIES OF CHILDREN
DYING OF LEUKAEMIA AFTER DIAGNOSTIC IRRADIATION in utero

Percentage of mothers
recei.ing abdomillal

Age (~'ears) Years of i"adiation dllri,/g preg,/ancy Relati.e risk,
of Illlkaemics death for 95% limits

Reference at death leukaemics Leukaemics Controls in brackets

Stewart32•••••••••••••••••• < 10 1953-55 96/780 117/1,638 1.8 (2.4-1.4)
(12.3%) (7.1%)

Ford et al.n .... ...........• < 10 1951-55 20/70 48/247 1.7 (2.9-0.8)
(28.6%) (19.4%)

KaplanH •••••••••••••••••• ? 1955-56 37/150 24/150 1.7 (3.7-1.0)
(24.7%) (16.0%)

KaplanH •••••••••••••••••• ? 1955-56 34/125 27/125 1.4 (2.5-0.7)
(27.2%) (21.6%)

Polhemus and Koch36••••••• ? 1950-57 72/251 58/251 1.3 (2.0-0.9)
(28.7%) (23.1 %)

Kjeldsberg3G ...... , ........ ? 1946-56 5/55 8/55 0.6 (2.0-0.2)
(9.1 %) (14.5%)

Murray et al.n . ............ < 20 1940-57 3/65 3/65 1.0 (12.0-0.6)
(4.6%) (4.6%)

Murray et al.ll •• ••••••••••• <20 1940-57 3/65 7/93 0.6 (2.4-0.1)
(4.6%) (7.5%)

MUr\'ay et al,21 .. ........... < 20 1940-57 3/65 2/82 1.9 (40.0-1.1)
(-1.6%) (2.4%)
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TABLE XIII. THYROID TUKOURS IN AUTOPSIES AND SURGICAL THYROID SPECIME~S
IN JAPANESE A-BOMB SURVIVORS ACCORDING TO DISTANCE FROM HYPOCENTIlE

(Hiroshima ABCC, 1948-196011)

Mttrts from hypoct1Itre

< 1,400 1 ,4()()-1 ,999 2,000-9,999 No,...xpos.d

Number of autopsies ............. 124 188 397 544
No. and per cent carcinoma....... 7 (5.6%) 3 (1.6%) 12 (3.0%) 15 (2.7%)
No. and per cent adenoma ........ 9 (7.2%) 7 (3.7%) 18 (4.5%) 15 (2.7%)

Number of surgical specimens...... 35 35
No. and per cent carcinoma ....... 15 (42.8%) 4 (11.4%)
No. and per cent adenoma ........ 5 (11.1 %) 10 (28.6%)

TABLE XIV. RELATIVE RISKS FOR THYROID CANCER AT VARIOUS EXPOSURE
LEVELS AFTER THERAPEUTIC IRRADIATION (EXTERNAL SOURCES) TO NECK REGION

(Computed from data of Takahashi et al.M)

Proportion
of Ihy.oid

cancer cases
Estimated exPosure (rotnlgtn) %

0.................................... 95.45
(609)

500-2,000... .. 0.94
(6)

2,000-4,000. . . . . . . . . . . . . . . . . . . . . . . . . . . .. .. 2.04
(13)

4,000-6,000. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.78
(5)

6,000-8,000.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.47
(3)

8,000-10,000............................... 0.16
(1)

> 10,000.. . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . 0.16
(1)

Propor<ion
of controls

%

99.43
(4,044)

0.25
(10)
0.25
(10)
0.05
(2)
0.02
(1)

Relalit·. risk.
95~~ limits in

brackets

4.0 (1.2-13.2)

8.6 (4.3-15.4)

16.6 (3.1-89.0)

19.9 (2.0-200.0)

TABLE XV. AGES AT IRRADIATION AND AT OPERATION, LATENT INTERVAL, AND THYROID EXPOSUIlE
IN 7 CASES OF THYROID CANCER FOLLOWING RADIO-THERAPY FOR TUBERCULOUS ADENITIS n

CastS

Age at Agt at cancer
i"adiation operation I n/erfJal
~an yean ytan Approximalt txposurt (roettlgen)

1. .••..•...•.......•.•...
2..........•.•...........
3 .
4 .
5 .
6..•....................
7 .

Means .

4
9

15
18
18
23
34

17.3

17
27
26
45
42
40
44

34.4

13
18
11
27
24
17
10

17.1

1,500 (rt. lobe) 1,000 (isthmus)
700 (both lobes)
500-700 (rt. lobe)
son + (over 8 years)
650 (rt. lobe)
1,000 (each lobe)
700 (rt. lobe)

- From first radiation treatment.
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TABLE XVI. TBnOID CANCBIlI'OLLOWlNG TBEIlAPE11TIC lIlIlADlATION

ContiB • • .. • • • • .. • • • • • • • • • • • • • • .. • • • • • .. Children
De Lawter't• . . • . . . . . . . • . . . • • . . . . . . . . • . . . Adults
Hanford"............................... Children. Adults
LatouretteU.. . . .. . . . • . . . • .. . . . . • . . . . . . . . Children
Piferl1. Series I . . . . . . . . . . . . . . . . . . . . . • . . . . Children
Piferl1. Series 11. . . . . . . . . . . . . . . . . . . . . . . . . Children
Saenger". • . • . . . . . . . . . . . . . . . . . . . • . . . . . . . Children
Simpson···. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Children

• In brackets. approximate 95% confidence limits of the esti
mate.

b Mean exposure to largest group (65%).

JlG"-"
A_al.

Rillt uti"...n:;OSVr. Ca.ruX
/11 rid: (rwlII,.,,) Ca.ru 10-1/" (ex 10-l/,,/R)

21.896 168 0 0 0.0 (0.0-1.1}a
5.000 2,100 0 0 0.0 (O.O-O.03)
5.711 900b 8 1.400 1.6 (0.7-3.1)

15.130 214 1 66 0.3 (0.01-1.7)
26.843 329 8 298 0.9 (0.4-1.8)
11.000 126 1 91 0.7 (0.01-4.0)
24,871 330 11 442 1.3 (0.9-2.3)
18,829 52<Jd 10 531 1.0 (0.5-1.9)

e Partly overlaps Pifer's Series I.
d Mean exposure to cases developing cancer.

TABLE XVII. RELATIVE RISKS FOR NECK CANCER (EXCLUDING THYROID) AT VARIOUS EXPOSUU
LEVELS AFTER THERAPEUTIC IRRADIATION (EXTERNAL SOURCES) TO NECK REGION

(Computed from data of TakaTsasbi et al.18)

Proportion of Proportion of &latiwe risk.
canur cases colllrols 95% limits in

Estimated e"Posures (roollt,ell) % % brlJ(;Mts

O•••••••••••••••••••.••••••••••••••••• 98.79 99.43
(895) (4,044)

500-2.000.•••...•...•.•.......•.••.....••. 0.33 0.25 1.5 (0.4-16.0)
(3) (10)

2,0<>0-4,000•...•........•........•.••.....•. 0.66 0.25 2.7 (0.9-7.0)
(6) (10)

4.000-6.0GJ.•...•.•...•..••....••.•.•..•.••• 0.11 0.05 2.2 (0.2-24.0)
(1) (2)

6,000-8,000.•...•.••............•.••...••••. 0.11 0.02 4:.5 (0.3-74.0)
(1) (1)

TABLE XVIII. RELATIVE RISKS FOR SKIN CANCER AT VARIOUS EXPOSURE
LEVELS AFTER THERAPEUTIC IRRADIATION (EXTERNAL SOURCES)

(Computed from data of TakaTsasbi et al.18)

Proportion of
cancer cases

Estimated e"posures (rool/t,e,,) %

o. . 95.45
(294)

500-2,000.. . . . . • . • . . . • . . . • • . . . . • . . . • • . . • • 0.97
(3)

2,000-4,000.. . . . . . • • . . . . . . . . . . . • . . . . . . • . . • • 0.97
(3)

4.000-6.000.. . . • • • . • . • . . • • . . . • . . . . . . . . . . • . • 0.65
(2)

6.000-8,000. • . • . . . . . . . • . . • • • . . . . . • . . . • • • . • • 0.65
(2)

8,000-10,000.. . . • • . . • . . . . • • • . . . • • • . . • . . • • . • 0.97
(3)

> 10,000.. • • . • . . . • . . • • • • . • . • . • • • . • . . • • • . • 0.32
(1)
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Proportion of
controls

%

99.43
(4,044)

0.25
(10)
0.25
(10)
0.05
(2)
0.02
(1)

&latiwe risk.
95% limits in

brlJ(;kols

4.1 (1.2-9.6)

4.1 (1.2-9.6)

13.7 (1.8-100.0)

27.4 (2.5-300.0)



TABLE XIX. LONG-TERM EFFECTS OF ItADIUK DEPOSITION IN MAN (CORULATION ()II'

CLINICAL AND ItADI00RAPBIC FINDINGS W1TB CUJUtENT BODY BURDENS OF Ra-)
Hastel'lill et al.-

Number Radiouapllic chalt"s ilt sk,1Ilolt alll'ibulabl, 10 radium tkposiliolt
radio-

Body COltte'" v.Ci) fFlIlINd N_ Miltillllll Mild MOiUrIll, AdraltC,d Mali,lta'"

<0.001 •••••.•.•.••.......• 17 14 3 0 0 0
0.001-0.01 .•..•............. 28 28 0 0 0 0
0.01-0.1 ••.•......•...•.••.. 90 80 8 1 1 0
0.1-1.0•••.....•....•••••... 61 25 13 9 ga 5b 3
> 1.0•••....•..•••.•••••.•. 40 1 2 5 4 28- 14

TOTAL 23~ 148 26 15 14 33 17

• MsTh present in two cases.
b Severe tooth changes only in one case.
• Based on film taken elsewhere in two cases.

TABLE XX. COMPARISON OF ST. LAWRENCE, JACBYKOV AND ScBNEEBERG, COLORADO PLATEAU AND SOUTB AFRICA DATA 101

Fluorspar Mines Uranium Mines

SI. Lawrence

Nan-working Working
areas areas

Jach:Jfllor '" Schneeberg

Abandoned Workin,
mine mine

Colorado Plateau
Working

mines

Soulh Africa
Workin,

mines

Radon (picocuries per litre)
Average...•......•.....
Range........... ...... 270-25,()()()a

Radon daughters (multiples of
1.3 X 1()i Mev per litre per
working week)

Average................ 53
Range................. 4.2-193

5-1,510

2.5-10b

0-12

?-59,OOO
2,900

?-18,OOO 70-59,000 25-500

Gamma radiation (mR/h) ....
Incidence of lung cancer as %

of miner deaths•.•........

Duration of underground ex
posure (years)

Average and range•.....

Induction period (years)
Average and range .•....

Age at death (years)
Average and range .

0.03-0.50

33 (1933-1961)
45 (1952-1961)

12.5 (5.5-21.3)

19.1 (11.5-25.0)

46.8 (33.56)

43 (1875-1939)
52 (1921-1939)-

17 (13-23)'

25 (15-43)'

50 (40-67)'
55 (37-69)8

11.4d

7, 8, 9, 10, 12

3.5·

17.3 (3-30)b

58.2 (45-73)

r •Calculated on basis of highest radon daughter concentration
found.

b Estimated.
- After Lorenz (1944).121
d Miners with 3 or more years underground experience-5

cases-Archer and others (1962).121

• Based on an autopsy series-23 cases among 650 autopsies
Oosthuizen and others (1958).10l1

f Nine cases-Pirchan and Sikl (19.'2'l).g,
8 Thirteen cases-Rostoski and oth~rs (1926),11 as quoted by

Lorenz (1944).121
b Based on 14 of 23 cases reported by Oosthuizen and others

(1958).102

TABLE XXI. INCIDENCE OF MALIGNANT NEOPLASMS EXCLUDING LEUKAEMIA, HIROSHIMA
AND NAGASAKI TUMOUR REGISTRIES, 1957-1959 (SEXES AND AGES COMBINED) 67

Distance from hypocenlre in melres

500-1.499 1.50o-Z.499 Z.50o-9.999 Non-e%posed Tolal

Hiroshima (32 months)
No. of cases...................... 79 183 151 120 533

(' 'ude rate per 1/Jli.................. 978.1 829.2 773.4 625.1 774.0
l"1ge- and sex-adjusted rate..•........ 953.3 819.7 758.6 65<:.1 774.0
Nagasaki (30 months)

No. of cases...................... 19 47 29 36 131
Crude rate per 1()& •••••••••••••••••• 635.9 608.1 475.5 69:'.1 596.0
Age- and sex-adjusted rate........... 846.4 667.1 600 915.2 735.4

106



REFERENCES

1. United Nations Scientific Committee on the Effects
of Atomic Radiation, Report of the United Nations
Scientific Committee on the Effects of Atomic
Radiation. General Assembly document Suppl. No.
16 (A/5216), 1962.

2. International Commission on Radiological Unit!:.
and Measurements, Radiation quantities and units.
Report lOa. National Bureau of Standards Hand
book 84, Washington, D.C., 1962.

3. York, E. N., In communication from M. Morgan,
AFSWC, to G. S. Hurst, ORNL, ORNL-CF-57
11-44 (1957). Graphs reprinted in paper by R. H.
Ritchie and G. S. Hurst, "Penetration of weapons
radiation: Application to the Hiroshima-Nagasaki
studies". Health Physics 1: 390-404 (1959).

4. Arakawa, E. T., Residual radiation in Hiroshima
and Nagasaki. Atomic Bomb Casualty Commission
Technical Report 02-62 (1962).

5. Borg, D. c., R. A. Conard, Activation analysis of
Hiroshima soil samples with estimations of residual
activity following atom bomb detonation in August
1945. Report BNL-7976 (1961).

6. Watanabe, S., Leukaemias in Hiroshima during
the years from 1946 to 1962. Personal communica
tion.

7. Brill, A. B., M. Tomanaga, R. M. Heyssel, Leu
kemia in man following exposure to ionizing radia
tion. A summary of the findings in Hiroshima and
Nagasaki, and a comparison with other human
experience. Annals Internal Med. 56: 590-609
(1962).

8. Ritchie, R. H., G. S. Hurst, Penetration of weapons
radiation: Application to the Hiroshima-Nagasaki
studies. Health Physics 1: 390-404 (1959).

9. Lewis, E. R, Leukemia, multip: ~ myeloma, and
aplastic anemia in American radiologists. Science
142: 1492-1494 (1963).

10. Lewis, E. R, Leukemia and ionizing radiation.
Science 125: 965-975 (1957).

11. Braestrup, C. B., Past and present radiation ex
posure to radiologists from the point of view of
life expectancy. Amer. J. Roentgenol. 78: 988-992
(1957).

12. Court Brown, W. M., Nuclear and allied radiation
and the incidence of leukaemia in man. Brit. Med.
Bull. 14: 168-173 (1958).

13. Court Brown, W. M., R. Doll, Leukaemia and
aplastic anaemia in patients irradiated for anky
losing spondylitis. Med. Res. Council Spec. Report
295, HMSO, London, 1957; v.e. United Nations
document A/AC.82/GjR.l05.

14. O'Connell, D., Heredity in ankylosing spondylitis.
Annals Internal Med. 50: 1115-1121 (1959).

15. Abbatt, J. D., A. J. Lea, Leukaemogens. Lancet ii :
880·883 (1958).

107

16. Wald, N., G. E. Thoma Jr., G. Brown Jr., Hema
tologic manifestations of radiation exposure in
man. Progress in Hematology 3: 1-52 (1962).

17. Bean, R. H. D., Phenylbutazone and leukaemia.
Brit. Med. J. ii: 1552-1555 (1960).

18. Simpson, C. L., L. H. Hempe1mann, L. M. Fuller,
Neoplasia in children treated with X-rays in in
fancy for thymic enlargement. Radiology 64: e-to
845 (1955).

19. Hempelmann, L. H., Epidemiological "tudies of
leukemia in persons exposed to ionizing radiation.
Cancer Res. 20: 18-27 (1960).

20. Murray, R. W., L. H. Hempelmann, A review of
the tumor incidence in children irradiated for
benign conditions, pp. 282-293 in Radioactivity in
Man. G. R. Meneely, ed., Charles C. Thomas,
Springfield, Ill., 1961.

21. Murray, R, P. Heckel, L. H. Hempelmann, Leu
kemia in children exposed to ionizing radiation.
New Eng. J. Med. 261: 585-589 (1959).

22. Conti, E. A., G. D. Patton, J. E. Conti, et al., Pres
ent health of children given X-ray treatment to the
anterior mediastinum in infancy. Radiology 74:
386-391 (1960).

23. Latourette, H. B., F. J. Hodges, Incidence of neo
plasia after irradiation of thymic region. Amer. J.
Roentgenol. 82: 667-677 (1959).

24. Saenger, E. L., F. N. Silverman, T. D. Sterling,
et al., Neoplasia following therapeutic irradiation
for benign conditions in childhood. Radiology 74:
889-904 (1960).

25. Snegireff, L. S., The elusiveness of neoplasia fol
lowing roentgen therapy in childhood. Radiology
72: 508·517 (1959).

26. Moloney, W. c., Discussion of paper by C. L.
Simpson, pp. 344-345 in Radiation Biology and
Cancer. University of Texas Press, Austin, Texas
1959. '

27. Pifer, J. W., E. T. Toyooka, R W. Murray, et al.
Neoplasms in children treated with X-rays fo;
thymic enlargement. I. Neoplasms and mortality.
J. ~at'l. Ca!1cer Inst. 31: 1333-1356 (1963); fI.e.
Umted NatlOns document A/AC.82/G/L.891.

28. Toyooka, E. T., J. W. Pifer, S. L. Crump, et al.
Neoplasms in children treated with X-rays fo;
thymic enlargement. Il. Tumor incidence as a
function of radiation factors. J. Nat'l. Cancer Inst.
31: 1357-1377 (1963) ; v.e. United Nations docu
ment A/AC.82/G/L.891/Add.1.

29. Toyooka, E. T., J. W. Pifer, L. H. Hempelmann
Neoplasms in children treated with X-rays fo;
thymic enlargement. Ill. Clinical description of
cases. J. Nat'l. Cancer Inst. 31: 1379-1405 (1963) .
v.e. United Nations document A/AC.82/G/L.891i
Add.2.



30. Stewart, A.. J. Webb, D. Giles, et al., Malignant
disease in childhood and diagnostic irradiation in
utero. Lancet ii: 447-only (1956).

31. Stewart, A., J. Webb, D. Hewitt, A survey of child
hood malignancies. Brit. Med. J. i: 1495-1508
(1958).

32. Stewart, A. M., Aetiology of childhood malignan
cies. Congenitally determined leukaemias. Brit.
Med. J. i: 452-460 (1961).

33. Ford, D. D., J. C. S. Paterson, W. L. Trueting,
Fetal exposure to diagnostic X-rays and leukemia
and other malignant diseases in childhood. J. Nat'!.
Cancer Inst. 22: 1093-1104 (1959).

34. Kaplan, H. S., An evaluati(\ll of the somatic and
genetic hazards of the medical uses of radiation.
Amer. J. Roentgenol. 80: 696-706 (1958).

35. Polhemus, D. W., R. Koch, Leukemia and medical
radiation. Pediatrics 23: 453-461 (1959).

36. Kjeldsberg, H., Radioaktiv bestraling og leukemi
frekvens hos barn. T. norske Laegenforen. 77:
1052-1053 (1957).

37. Lewis, T. L. T., Leukaemia in childhood after
antenatal exposure to X-rays. Brit. Med. J. ii:
1551-1552 (1960).

38. Court Brown, W. M., R. Doll, A. B. Hill, Incidence
of leukaemia after exposure to diagnostic radiation
in utero. Brit. Med. J. ii: 1539-1545 (1960).

39. MacMahon, B., Prenatal X-ray exposure and
childhood cancer. J. Nat'l. Cancer Inst. 28: 1173
1191 (1962).

40. MacMahon, B., Paper read at Am. Pub. Health
Assoc. 1958.

41. Wise, M. E., Irradiation and leukaemia. Brit. Med.
J. ii: 48-49 (1961).

42. Stewart, A., D. Hewitt, Oxford survey of child
hood cancers. Monthly Bull. of Ministry of Health
22: 182-192 (1963).

43. MacMahon, B., Statement in Hearings on Fallout,
Radiation Standards, and Countermeasures, part
Il, pp. 594-601. Congress of the United States,
88th Congress, 1st session, August 20, 21, 22, and
27, 1963; v.e. United Nations document AIAC.821
G/L.888.

44. Simon, N., M. Brucer, R. Hayes, Radiation and
leukemia in carcinoma of the cervix. Radiology 74:
905-911 (1960).

45. Faber, M., Cited in paper by Wald et al., reference
16.

46. Faber, M., Radiation-induced leukemia in Den
mark, pp. 397-404 in Advances in Radiobiology. G.
C. de Hevesy, A. G. Forssberg and J. D. Abbatt,
eds., Charles C. Thomas, Springfield, Ill., 1957.

47. Neumann, G~, Roentgen diagnosis and incidence of
leukemia. Deut. Med. Wochschr. 87: 90-94
(1962).

48. Stewart, A, W. Pennybacker, R. Barber, Adult
leukaemias and diagnostic X rays. Brit. Med. J. ii:
882-890 (1962).

49. Gunz, F. W., H. R. Atkinson, Medical radiations
and leukaemia: A retrospective survey. Brit. Med.
J. i: 389-393 (1%4).

108

50. Pochin, E. E., Leukaemia following radioiodine
treatment of thyrotoxicosis. Brit. Med. J. ii: 1545
1550 (1960).

51. Werner, S. C., A. M. Gittelsohn, A. B. Brill, Leu
kemi~ following radioiodine therapy of hyper
thyrOIdIsm. J. Am. Med. Assoc. 177: 646-648
(1961).

52. Dameshek, W., F. Gunz, Leukemia. Chapter 12.
Grune and Stratton, Inc., N.Y., 1958.

53. Yamazaki, K., S. Kurita, A Hoshino, Statistical
observations on polycythemia vera in Japan, p. 80
It1 Abstracts of VIII Int'l. Congr. Hemat., Tokyo,
1960.

54. Craig, I.., H. Seidman, Leukemia and lymphoma
mortality in relation to cosmic radiation. Blood 17:
319-327 (1961).

55. Court Brown, W. M., R. Doll, Geographical varia
tions in leukaemia mortality in relation to back
ground radiation. Proc. Roy. Soc. Med. 53: 762
763 (1960).

56. Socolow, E. L., A. Hashizume. S. Nerushi, et al.
:rhyroi~ c~rcinoma in man after exposure to ioniz~
109 radIatIon: A summary of the findings in Hiro
shima and Nagasaki New England J. Med. 268:
406-410 (1963).

57. Zeldis, L. J., S. Jablon, M. Ishida, Current status
of.ABCC-NIH studies of carcinogenesis in Hiro
shIma and Nagasaki, pp. 225-240 in Physical Fac
tors and Modification of Radiation Injury. H. E.
Whipple and L. D. Hamilton, eds., Annals of N.Y.
Acad. Sci., vol. 114 (1%4).

58. Takahashi, ?". T. Kitabataki, M. Wakabayashi,
et al., A statIstIcal study on human cancer induced
by medical exposures. To be published in Nippon
Acta Radiologica.

59. Hanford,.~. M., E. H. Quimby, V. K. Frantz,
~t,tcer ansmg 1?anY.Yt:ars after radiation therapy,
lOcldence after IrradIatIOn of benign lesions in the
neck. J. Am. Med. Assoc. 181: 404-410 (1962).

60. ~impson, C. L., L. H. Hempelmann, The associa
tIOn of tumors and roentgen-ray treatment of
thorax in infancy. Cancer 10: 42-56 (1957).

61. Ne~man.' C. .G. H., l.ong-t~rm follow-up of 32
patIents IrradIated for thymIC enlargement in in
fancy. Brit. Med. J. i: 24-36 (1960).

62. Garland, L. H., Cancer of the thyroid and previous
irradiation. Surg. Gynec. Obstet. 112: 564-566
(1961).

63. Oark, D. E., Association of irradiation with can
cer of the thyroid in children and adolescents. J.
Am. Med. Assoc. 159: 1007-1009 (1955).

64. Oark, D. E., The association of irradiation with
cancer of the thyroid in children and adolescents.
Proe. Int. Conf. Peaceful Uses of Atomic Energy
11: 146-148 (1956).

65. Duffy, B. J. Jr., P. J. Fitzgerald, Thyroid cancer
in childhood and adolescence: A report on 28 cases.
Cancer 3: 1018-1032 (1950).

66. ~aventos, A, R. C. Horn Jr., I. S. Ravdin Car
CInoma of the thyroid in youth: A second lo~k ten
}~ars later. J. Clin. Endocrinol. Metab. 22: 886
891 (1962).

67. Wilson, E. H., S. P. Asper Jr., The role of X-ray
therapy to the neck region in the production of



thyroid cancer m young people: A report of 37
cases. Arch. Int. Med. (Chic.) 105: 244-251
(1960).

68. Wilson, G. M., R. Kilpatrick, H. Ecker, et al.,
Thyroid neoplasms following irradiation. Brit.
Med. J. ii: 929-934 (1958).

69. Winship, T., R. V. Rosvoll, Childhood thyroid car
cinoma. Cancer 14: 734-743 (1961).

70. Winship, T., R. V. Rosvoll, A study of thyroid
cancer in children. Am. J. Surg. 102: 747-752
(1961).

71. Goolden, A. W. G., Carcinoma of the thyroid fol
lowing irradiation. B '. it. Med. J. ii: 954-955
(1958).

72. Uhlmann, E. M., Cancer of the thyroid and irra
diation. J. Am. Med. Assoc. 161: 504-507 (1956).

73. Raventos, A., D. O. Dnszynski, Thyroid carcinoma
following irradiation for medulloblastoma. Amer.
J. Roentgenol. 89: 175-181 (1963).

74. DeLawter, D. S., T. Winship, A follow-up study
of adults treated with roentgen rays for thyroid
disease. Cancer 16: 1028-1031 (1963).

75. Sheline, G. E., S. Lindsay, K. R. McCormack,
et al., Thyroid nodules occurring late after treat
ment of thyrotoxicosis with radioiodine. J. Clin.
Endocrinol. Metab. 22: 8-18 (1962).

76. Goolden, A W. G., Radiation cancer-A review
with special reference to radiation tumours in the
pharynx, larynx and, thyroid. Brit. J. Radiol. 30:
626-640 (1957).

77. Saunders, T. S., H. Montgomery, Chronic roent
gen and radium dermatitis. J. Am. Med. Assoc.
100: 23-28 (1938).

78. Teloh, H. A., M. L. Mason, M. C. Wheelock, A
histopathologic study of radiation injuries of the
skin. Surg. Gynec. and Obst. 90: 335-348 (1950).

79. Glucksmann, A., L. F. Lamerton, W. V. May
neord, Carcinogenic effects of radiation, pp. 497
539 in Cancer, vol. 1. R W. Raven ed., Butter
worth and Co., Ltd., London, 1957.

80. Bloch, C, Postradiation osteogenic sarcoma. Re
port of a case and review of literature. Am. J.
Roentgenol. 87: 1157-1162 (1962).

81. Jones, A, Irradiation sarcoma. Brit. J. Radiol. 26:
273-284 (1953).

82. Hasterlik, R J., A. J. Finkel, C. E. Miller, The
late effects of radium deposition in man, pp. 943
946 in Radiation Standards, Including Fallout,
part n. Congress of the United States, 87th Con
gress, 2nd session. Also statement by R J. Haster
lik in part I, pp. 325-333; v.e. United Nations docu
ment AIAC82/G/L.813.

83. Hasterlik, R J., A J. Finkel, C. E. Miller, The
ca:'cer hazards of industrial and accidental expo
sure to radioactive isotopes, pp. 832-837 in Un
usual Forms and Aspects of Cancer in Man. H. E.
Whipple and N. H. Moss, eds., Annals N.Y. Acad.
Sci., vol. 114 (1964).

84. Lucas, H., R E. Rowland, C. E. Miller, et al., An
unusual case of radium toxicity. Amer. J. Roent
genol. 90: 1042-1051 (1963).

85. Evans, R D., Radium and mesothorium poison-

109

ing. Annual Progress Report, USAEC NYO-950S
(1963).

86. Evans, R. D., Personal communication via A.
Brues.

87. Henle, c., L. Barrer, H. Fisher, et al., Some re
sults of chronic internal irradiation in humans.
Laval Medical 34: 184-188 (1963).

88. Dahlgren, S., Tumours following administration
of thorotrast. Special publication from the Depart
ment of Pathology, Karolinska Institute, Stock
holm, December 1962.

89. Blomberg, R, L. E. Larsson, B. Linde1l, et al.,
Late effects of thorotrast in cerebral angiography.
Acta Radiologica 1: 996-1006 (1963).

90. Lindell, B., Statement made during discussions of
radiation and cancer at the XnIth Session of the
UNSCEAR, Geneva, 1964.

91. Looney, W. B., Tumor induction in man following
radium and thorium (thorotrast) administration.
A brief summary prepared for the present docu
ment.

92. Stewart, C G., S. D. Simpson. The hazards of
inhaling radon-222 and its short-lived daughters:
consideration of proposed maximum permissible
concentrations in air, pp. 333-355 in Radiological
Health and Safety in Mining and Milling of Nu
clear Materials, vol. I. IAEA, Vienna, 1964.

93. Rostoski, 0., E. Saupc, G. Schmorl, Die Berg
krankheit der Erzbergleute in Schneeberg in
Sachsen ("Schneeberger Lungenkrebs"). Ztschr.
Krebsforsch. 23: 360-384 (1926).

94. Pirchan, A., H. Sikl, Cancer of the lung in miners
of Jachymov (Joachimsthal) : report of cases ob
served in 1929-1930. Amer. J. Cancer 16: 681-722
(1932).

95. Bale, W. F., Hazards associated with radon and
thoron. Unpublished memorandum, 14 March
1951.

96. Chamberlain, A c., E. D. Dyson, The dose to the
trachea and bronchi from the decay products of
radon and thoron. Brit. J. Radiol. 29: 317-325
(1956).

97. Evans, R. D., C. Goodman, Determination of the
thoron content of air and its bearing on lung can
cer hazards in industry. J. Ind. Hyg. and Toxicol.
23: 89-99 (1940).

98. Mitchell, J. S., Memorandum on some aspects of
the biological action of radiations, with special
reference to tolerance problems. Montreal Labora
tory report HI-17 (1945).

99. Sikl, H., The present status of knowledge about
Jachymov disease (cancer of the lungs in the
miners of the radium mines). Unio Internat. Con
tra Cancrum 6: 1366-1375 (1950).

100. Jacoe, P. W., The occurrence of radon in non
uranium mines in Colorado. Arch. Ind. Hyg. and
Occ. Med. 8: 118-124 (1953).

101. Harris, S. J., Radon levels found in mines in New
York State. Arch. Ind. Hyg. and Occ. Med. 10:
54-60 (1954).

102. Oosthuizen, S. F., W. G. Pyne-Mercier, T. Fich
ardt, et al., Experience in radiological protection in
South Africa. Proc. 2nd Int. Conf. Peaceful Uses
of Atomic Energy 21 : 25-32 (1958).



103. Youd, G. R, Personal communication to Stewart
and Simpson, reference 92.

104. Evans, R D., Quantitative aspects of radiation car
cinogenesis in humans. Unio Internat. Contra Can
crum 6: 1229-1237 (1950).

105. de Villiers, A J., J. P. Windish, Lung cancer in a
fluorspar mining community. I. Radiation, dust and
mortality experience. Brit. J. Ind. Med. 21: 94-108
(1964).

106. Harada, T., M. Ishida, Neoplasms among A-bomb
survivors in Hiroshima: First report of the re
search committee on tumor statistics, Hiroshima
City Medical Assoc., Hiroshima, Japan. J. Nat'l.
Cancer Inst. 25: 1253-1264 (1960).

107. Beebe, G. W., l\L Ishida, S. Jablon, Studies of tIle
mortality of A-bomb survivors. 1. Plan of study
and mortality in the medical subsample (selection
I), 1950-1958. Rad. Res. 16: 253-280 (1962).

108. MacMahon, R, G. R Hutchison, Prenatal X-ray
and childhood cancer: a review. Paper read at the
VnIth Int'!. Cancer Congr., Moscow, 1962. To be
published in Acta Unio Internat. Contra Cancrum.
Abstract and table in Hearings of Joint U.S. Con
gressional Committee on Atomic Energy, part 2,
1963.

109. Wells, J., CM. Steer, Relationship of leukemia in
children to abdominal irradiation. Am. J. Obs. Gyn.
81: 1059-1063 (1961).

110. Agef, E. A, L. M. Schuman, H. M. Wallace, et al.,
An epidemiologic study of childhood leukemia.
Minnesota Med. Bull. 33: 253-275 (1962).

111. Gianferrari, L., A Serra, G. Morganti, et al., Mor
tality from cancer in an area of high background
radiation. Bull. World Health Organ. 26: 696-697
(1962).

112. Schwartz, E. K, A C Upton, Factors influencing
the incidence of leukemia : Special consideration of
the role of ionizing radiation. Blood 13: 845-864
(1958).

113. Court Brown, W. M., R. Doll, Expectation of life
and mortality from cancer among British radiolo
gists. Brit. Med. J. ii: 181-187 (1958).

114. March, RC, Leukemia in radiologists. Radiology
43: 275-278 (1944).

115. March, H. C, Leukemia in radiologists in a 20
year period. Amer. J. Med. Sci. 220: 282-286
(1950).

116. Henshaw, P. S., J. W. Hawkins, Incidence of leu
kemia in physicians. J. Nat'l. Cancer Inst. 4: 339
346 (1944).

117. Dublin, L., M. Spiegelman, Mortality of medical
specialists 1938-1942. J. Amer. Med. Assoc. 137:
1519-1524 (1948).

118. Peller, S., P. Pick, Leukemia in American physi
cians. Acta Unio Internat. Contra Cancrum 11:
292-294 (1955).

119. Ulrich, R, The incidence of leukemia in radiolo
gists. New England J. Med. 334: 45-46 (1946).

120. Warren, S., Longevity and causes of death from
irradiation in physicians. J. Amer. Med. Assoc.
162: 464-468 (1956).

121. Cronkite, E. P., W. Moloney, V. P. Bond, Radia
tion leukemogenesis: An analysis of the problem.
Amer. J. Med. 28: 673-682 (1960).

110

122. Lorenz, E., Radioactivity and lung cancer: A criti
cal review of lung cancer in the miners of Schnee
berg and Joachimstal. J. Nat'l. Ca!'~er In!'t. 5:
1-15 (1944).

123. Archer, V. R, H. J. Magnuson, D. A Holaday,
et al., Hazards to health in uranium mining and
milling. J. Occ. Med. 4: 55-60 (1962).

124. Evans, R. D., J. K Gary, S. D. Clark, Radium and
mesothorium poisoning in human beings. Paper
and exhibit pIesented at the American Medical
Association meetings, Portland, Oregon, December
1963.

125. Wagoner, J. K, V. E. Archer, R E. Carroll, et al.,
Cancer mortality patterns among U.S. uranium
miners and millers, 1950 through 1962. J. Nat'!.
Cancer Inst. 32: 787-801 (1964).

126. Court Brown, W. M., R. Doll, Radiation and leu
kaemia. Lancet i: 162-163 (1958).

127. Barrer, AL., H. W. Fisher, C R Henle, et al.,
Epijemiological follow-up of New Jersey radium
cases. 1. Report of a Medical Study Group (July
1963). 2. Resume of findings from individual case
studies. Progress report July 1963. USAEC report
NYO-10604 (1964).

128. Maletskos, (' T., A G. Braun, M. M. Shanahan,
et al., Quantita . 'le evaluation of dose response re
lationships in human beings with skeletal burdens
of Ra226 and Ra228

• In press.
129. Aub, J. c., R. D. Evans, L. H. Hempelmann, et al.,

The main effects of internally deposited radio~c

tive materials in man. Medicine 31: 221··329
(1952).

130. Martland, H. S., Occupational poisoning in manu
facture of luminous watch dials. J. Am. Med.
Assoc. 92: 466-only (1929).

131. Martland, H. 5., The occurrence of malignancy in
radioactive persons. Am. J. Cancer 15: 112-193
(1931).

132. Johansen (1954), Cited by Dahlgren in reference
88.

133. Benstead, J. P. M., J. O. Crookall, A comparison
between the late effects of thorotrast and a non
radioactive zirconium hydroxide sol in mice. Brit.
J. Cancer 17 (1): 62-69 (1963).

134. Holaday, D. A, D. E. Rushing, R D. Coleman,
et al., Control of radon and daughters in uranium
mines and calculations on biological effects. U.S.
Public Health Service Pub!. 494 (1957).

135. Upton, A. C, Comparative aspects of carcinogene
sis by ionizing radiation, pp. 221-239 in Control
of Cell Division and Cancer Induction, National
Cancer Institute Monograph, No. 14 (1964).

136. Doll, R, The age factor in the susceptibility of
man and animals to radiation. Brit. J. Radiol. 35:
31-36 (1962).

137. Jablon, 5., M. Ishida, G. W. Beebe, Studies of the
mortality of A-bomb survivors. 2. Mortality in
selections I and !I, 1950-1959. Rad. Res. 21:
423-445 (1964).

138. Beach, S. A, G. W. Dolphin, A study of the rela
tionship between X-ray dose delivered to the
thyroids of children and the subsequent develop
ment of malignant tumours. Physics in Med. and
BioI. 6: 583-598 (1962).

J



ANNEX C

UST OF REPORTS RECEIVED BY THE COMMITrEE

1. This annex lists reports received by the Committee from Governments and
agencies of the United Nations.

2. All those reports are included of which a sufficient number of copies for
distribution in the AIAC.82/G/L. document series were received between 10 March
1962 and 3 July 1964, inclusive.

3. The first 750 reports received by the Committee are listed in annex I of its
first comprehensive reporf.& and annex J of the second.it

• O/ficiol R,cords of tit, G",,,.tJl Assembly. Tltir'"n'" Session. Suppl,m",' No. 17
(A/3838).

b Ibid.• Sw",',en'" S,ssion. Supplemen' No. 16 (Aj5216).

111



Doctlfft"., No. Country and Title DoCtl"."., No. Counlry and Tille

A/AC.82/G/L.

BRAZIL

751 A survey ·:)n artificial radio-active con
tamination in Brazil (1958-1962).

A/AC.82/G/L.

NORWAY

769 Assay of strontium-90 in human bone in
Norway 1956-1961.

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

SWEDEN

The increase of gamma radiation from
the ground during September 1st-No
vember 30th 1961.
Some observations of variations of the
natural background radiation.
Distribution atld excretion of radio
cesium in goats, pigs and hens.
Report on observations made at Kiruna
Geophysical Observatory during the
series of nuclear weapon tests carried out
at Novaja Zemlja between 10 Sept. and
4 Nov. 1961.
Detennination of strontium-90 and stable
strontium in bones from sheep, ewes and
fetuses.
Cesium-137 deposition in Sweden 1958
1960 and the 1961 spring maximum in
air.
The radio-activity in air and precipitation
during autumn 1961.
Internal doses from mixed fission prod
ucts.
A fall-out model H. Some quantitative
properties.
Behaviour of yttrium-91 and some lantha
nons towards serum proteins in paper
electrophoresis, density gradient electro
phoresis and gel filtration.

UNITED KINGDOM

Radioactivity in milk. Interim report,
Dec. 1961.

JAPAN
Japanese dietary habits and the fall-out
problem.
Environmental contamination with short
lived radio-nuclides in Japan in 1961.

UNITED STATES OF AMERICA

Radiological Health Data, Volume HI,
Number 2, February 1962.
Health and Safety Laboratory fall-out
program quarterly summary report, April
1,1962. Hp·SL-122.

INTERNATIONAL ATOMIC ENERGY
AGENCY

Survey of radio-activity in food con
sumed in Austria. Report on 5e("ond
sampling period - January-June 1961.

SWEDEN

The effect of radiostrontium on mouse
testes.

112

770

771

772

773

774

775

776

777

778

779

780

781

782

783
784

785
786

787

788

789

790

ITALY

Data on environmental radioactivity, col
lected in Italy (January-June 1961).

UNITED KINGDOM

Interim report on radio-activity in diet.
ARCRL-7.

UNITED STATES OF AMERICA

Atmospheric radio-activity at Washing
ton, D.e., 1950-1961. NRL-5764.
Radiological Health Data, Volume HI,
Number 4, April 1962.
Radiological Health Data, Volume HI,
Number 3, March 1962.
Radio-active fall-out from nuclear weap
ons tests, Nov. 15-17, 1961. Book 1.
Radio-active fall-out from nuclear weap
ons tests, Nov. 15-17, 1961. Book 2.
Health implications of fall-out from
nuclear weapons testing through 1961.
Radiological Health Data, Volume HI,
Number 5, May 1962.

UNITED KINGDOM

Assay of strontium-90 in human bone in
the United Kingdom. Results for 1961,
part I.

SWEDEN

Doses to the gastrointestinal tract from
ingestion of fission products in drinking
water or food.
Internal doses from fission products in
milk.
Simulation of an atmospheric transport
problem.
Studies in reversal autoradiography.
Strontium-90 induced bone and bone
marrow changes.
Sr90 induced osteosarcomas.
Uotake and retention of strontium-90 in
mouse tissues studied by whole animal
autoradiography and impulse counting.
Il. Uptake and retention of strontium 90
in strontium-90-induced osteosarcomas.
Ill. Dissemination of metastases from a
strontium-90-induced transplanted oste
osarcoma investigated by whole-body
autoradiography.
Effects of radiostrontium on the blood
and haematopoietic tissues of mice.
Histogenesis of SrIl°-induced osteosar
comas.



DOClMfllfl' No. Coun'ry and Title DOC14tnlfl' No. Country and Title

A/AC.8'l./G/L.
UNITED STATES OF AMERICA

791 Measurement of bone marrow and gona
dal dose from X-ray examinations of the
pelvis, hip and spine as a function of field
size, tube kilovoltage and added fi~~ration.

792 Strontium-90 in man and his environment
-Volume I: Summary.

793 Fall-out program quarterly summary re
port, July 1, 1962. HASL-127.

794 Survey of fall-out operations, July 1,
1962. HASL-128.
BELGIUM

795 La retombee radioactive a Mol. Rapport
d'avancement -ler semestre 1961.

796 Evolution du 90Sr dans les sols et les
vegetaux: analyse des resultats obtenus
en 1959.
UNITED STATES OF AMERICA

797 Radiological Health Data, Volume Ill,
Number 6, June 1962.
ISRAEL

798 Early radio-active fall-out in Israel fol
lowing the 1961 nuclear weapon tests.
UNITED STATES OF AMERICA

799 Terrestrial and freshwater radioecology:
A selected bibliography.

800 Radiological Health Data, Volume Ill,
Number 8, August 1962.
SWITZERLAND

801 5. Bericht der Eidgenossischen Kommis
sion zur Uberwachung der Radioaktivitat
zuhanden des Bundesrates fiir das Jahr
1961.

801/
Corr. 1 Corrigendum to above document.

DENMARK

802 Environmental radio-activity in Denmark,
1961.
UNITED STATES OF AMERICA

803 Health and Safety Laboratory fall-out
program quarterly summary report, Oc
tober 1, 1962. HASL-131.

804 Radiological Health Data, Volume Ill,
Number 9, September 1962.

805 Radiation standards including fall-out.
Summary analysis of Hearings held on
June 4,5,6, and 7, 1962, before the Sub
committee on Research, Development,
and Radiation of the Joint Committee on
Atomic Energy, Congress of the United
States, September 1962.
UNITED KINGDOM

806 Annual report, 1961-1962. ARCRL-8.
UNITED STATES OF AMERICA

807 Medical survey of Rongelap people seven
years after exposure to fall-out. BNL
727 T-260.

113

A/AC.82/G/L.

ARGENTINA

808 Contaminaci6n por pS1 debida at fall-out.
ITALY

809 Data on environmental radio-activity col
lected in Italy (July-December 1961).
BIO/06/62.
NORWAY

810 Fall-out in Norwegian milk in 1961.

UNITED STATES OF AMERICA

811 Radiological Health Data, Volume Ill,
Number 11, November 1962.

812 Radiological Health Data, Volume Ill,
Number1~Octoberl96k

813 Radiation standards, including fall-out.
Hearings before the Subcommittee on
Research, Development, and Radiation
of the Joint Cormnittee on Atomic En
ergy, Congress of the United States, 87th
Congress, 2nd session. Parts 1 and 2
(Appendix) .

814 Fallout program quarterly summary re
port, January 1, 1963. HASL-132.
BELGIUM

815 La retombee radioactive a Mol. Rapport
d'avancement - second semestre 1961.

SWEDEN

816 Distribution of radioruthenium in mice.

UNITED STATES OF AMERICA

817 Radiologicai Health Data, Volume Ill,
Number 12, December 1962.

BRAZIL

818 Environmental radio-a.ctivity in high
background areas of Brazil.

UNITED KINGDOM

819 Assay of strontium-90 in human bone in
the United Kingdom. Results for 1961,
part Il.

UNITED STATES OF AMERICA

820 Radiological Health Data, Volume IV,
Number 1, January 1963.

821 Factors influencing strontium-9/) in milk
from the Brainerd, Minn. milkshed.

822 Strontium-90 on the earth's surface Il.
Summary and interpretation of a world
wide soil sampling program: 1960-1961
results.

UNITED KINGDOM .

823 Radio-active fall-out in air and rain re
sults to the middle of 1962.

UNITED STATES OF AMERICA

824 Bioenvironmental features of the Ogoto
ruk Creek area, Cape Thompson, Alaska.
TID-17226.

825 Radiological Health Data, Volume IV,
Number 2, February 1963.



DeeM"''''' No. CMlKtry a"" Titl, DOeM",mt No. Country a"" Titl,

UNITED STATES OF AMERICA

828 Radionuclides and ionizing radiation in
ornithology. TID-I7762.

UNITED KINGDOM

829 Interim report on radio-activity in milk.
ARCRL-9.

A/AC.82/G/L.

SWEDEN

826 Distribution of plutonium in mice. An
autoradiographic study.

827 Radioaktivitestsmatningar pa livsmedel
1962.

in the

fall-out
report.

SWEDEN

Genetic effects of strontium-90 on imma
ture germ-cells in mice.

UNITED KINGDOM

Annual report 1962-1963. ARCRL-lO.

UNITED STATES OF AMERICA

Radiological Health Data, Volume IV~

Number 9, September 1963.

UNITED KINGDOM

Radio-activity in drinking water
United Kingdom-1962 results.

UNITED STATES OF AMERICA

Health and Safety Laboratory
program quarterly summary
HASL-I40.

858

856

'357

852

854

859

853

855

848

849

850

851

A/AC.82/GjL.

UNITED KINGDOM

844 Assay of strontium-go in human bone in
the United Kingdom, results for 1962,
Part I with some further results for 1961.

INDIA

845 Estimates of biospheric contamination
and radiation dose from nuclear explo
sions up to April 1962. AEET/ AM/27.

846 Gamma activity of the food samples in
India after the autumn 1961 tests of
nuclear weaporlS. AEET/ AM/32.

USSR
847 OrrpelJ;eJIeoe BoopacTa rrpO,JJ;YRTOB ,JJ;eJIe

HHJI no HSllepeuHID cYllllapuoll n.JIOm;ap;H
I}JOTomma Zr9li+Nb9li co Bpelleuell.

UNITED STATES OF AMERICA

Review of the army food irradiation pro
gram. Hearings before the Joint Com-
mittee on Atomic Energy, Congress of
the United States, 88th Congress, May
13, 1963.
Fall-out, radiation standards, and coun
termeasures. Hearings before the Sub
committee on Research, Development,
and Radiation of the Joint Committee on
Atomic Energy, Congress of the United
States, 88th Congress, 1st session, June
3, 4, and 6, 1963, Part 1.
Radiological Health Data, Volume IV,
Number 7, July 1963.
Radiological Health Data, Volume IV,
Number 6, June 1963.
The treatment of radiation injury. NAS
NRC Pub!. 1134.
Radiological Health Data, Volume IV,
Number 8, August 1963.

CANADA

Iodine-131 content of Canadian milk dur
ing 1961. AECL-1797.

ITALY

Data on environmental radio-activity col
lected in Italy (January-June 1962).
BIO/26/62.

SOUTH AFRICA

Radio-active fall-out, its dispersion, de
position over South Africa and biological
significance.

UNITED STATES OF AMERICA

Radiological Health Data, Volume IV,
Number 4, April 1963.
Radiological Health Data, Volume IV,
Number 5, May 1963.
Studies of the fate of certain radionu
clides in estuarine and other aquatic en~

vironments.
Health and Safety Laboratory fallout
program quarterly summary report, July
1, 1962. HASL-138.
Estimates and evaluation of fall-out in
the United States from nuclear weapons
testing conducted through 1962.

SWITZERLAND

Messullg des Natiirlichen Strahlenpegels
in der Schweiz.

UNITED STATES OF AMERICA

Rapid methods for estimating fission
product concentrations in milk.
Radiological Health Data, Volume IV,
Number 3, March 1963.

838

839

843

837

842

841

840

834

833

835

836

832

SWEDEN

830 Genetic effects of strontium-go injected
into male mice.

UNITED STATES OF AMERICA

Health and Safety Laboratory fallout
program quarterly summary report, April
1, 1963. HASL-135.
Intercalibration of some systems em
ployed in monitoring fission products in
the atmosphere. NRL-5850.
Atmospheric radio-activity and fall-out
research. TID-12616 (Rev. 1).
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UNITED KINGDOM

860 The weathering of caesium-137 in soil.
AERE-R-4241.

ITALY

890 Data on environmental radio-activity col
lected in Italy (July-December 1962).
BIO/03/63.

A/AC.?lJ2/G/L.

FRANCE

876 Doses d'exposition au cours d'examens
radiologiques per-operatoires. SCPRI-SS.

877 Surveillance de la radioactivite sur le
territoire franc;ais de 1961 a 1963.
SCPRI-98.

878 Radioactivite des eaux de la Durance.
879 Accroissement du tritium atmospherique

dli aux explosions thermonucleaires.
880 Mesures de la radioactivite naturelle dans

la region parisienne.
881 Mesure de la radioactivite d'origine arti

ficielle dans l'hemisphere Sud.
882 De la dynamique des transports des aero

sols radioactifs au-dessus de la FrJ11ce.
883 Mesure de l'activite de l'air due au

krypton 85.
884 Essai d'analyse de la radioactivite de

l'eponge "Hercinia variabilis".
885 Identification directe des nuclides radio

actifs dans l'eau de mer par spectro
graphie gamma.

886 Spectrometrie gamma in sikt des eaux de
la Mediterranee occidentale.

UNITED STATES OF AMERICA

887 Radiological Health Data, Volume V.
Number 1, January 1964.

888 Fall-out, radiation standards, and cuur·
termeasures. Hearings before the Sub
committee on Research, Development and
Radiation of the Joint Committee on
Atomic Energy, Congress of the United
States, 88th Congress, 1st session, August
20, 21, 22, and 27, 1963. Part 2.

NORWAY

889 A study of Srll° and CS13T in Norway
1957-1958. Intern rapport K-253.

UNITED STATES OF AMERICA

891 Neoplasms in children treated with x
rays for thymic enlar:.;ement. I. Neo
plasms and mortality.

891/
Add. 1 Neoplasms in children treated with X

rays for thymic enlargement. 11. Tumor
incidence as a function of radiation fac
tors.

891/
Add. 2 Neoplasms in children treated with X

rays for thymic enlargement. Ill. Clinical
description of cases.

892 Distribution and retention of CSlaT after
accidental inhalation. UAC-8383.

AUSTRALIA

Strontium-90 in the Australian environ
ment during 1961.

INDIA

Estimation of zirconium-95 deposited by
fallout during September 1961 to Febru
ary 1962. AEET/AM/:U.

UNITED KINGDOM

Radio-active fall-out in air and rain. Re
sults to the middle of 1963. AERE-R
4392.

875

874

873

871

872

UNITED STATES OF AMERICA

861 Mathematical programming models for
selection of diets to minimize weighted
radionuclide intake.

862 Terrestrial and freshwater radioecology.
A selected bibliography (Suppl. 1). TID
3910 (Suppl. 1).

INDIA

863 Levels of cerium-141 and cerium-l44 in
surface fallout samples collected at Bom
bay during the monsoon months of 1962.

UNITED KINGDOM

864 Radio-active fall-out: Short-lived fission
products in air and rain, August 1962
April 1963. AERE-R-4384.

865 Assay of strontium-90 in human bone in
the United Kingdom, results for 1962,
part 11.

AUSTRALIA

:866 Iodine-131 levels in milk in Australia dur
ing period May-November 1962.

DENMARK

867 Genetically significant radiation doses in
diagnostic radiology.

UNITED STATES OF AMERICA

868 Radiological Health Data, Volume IV,
Number 10, October 1963.

869 Radiological Health Data, Volume IV.
Number 11, November 1963.

WORLD HEALTH ORGANIZATION

870 Radiation hazards in perspective (3rd re
port of the Expert Committee on Radia
tion).

UNITED STATES OF AMERICA

Health and Safety Laboratory fallout
program quarterly summary report, Jan
uary 1. 1964. HASL-142.
Iodine-131 in fresh milk and human thy
roids following a single deposition of
nuclear test fall-out. TID-19266.
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UNITED STATES OF AUERICA (continued)

892/
Corr. 1 Correction to above report.

893 Radiological Health Data, Volume IV,
Number 1.2, December 1963.
SWITZERLAND

894 6. Bericht der Eidg. Kommission zur
Uberwachung der Radioaktivitiit, zuhan
den des Bundesrates fiir das Jahr 1962.
CZECHOSLOVAKIA

895 Prediction of individual differences in
postirradiation regeneration of the lym
phatic tissue of the thymus.
USSR

896 CTpou~:lt-90 B Bop;e npecum Bop;oeMOB
COBeTcKoro C0100a B 1961-1962 rop;ax.

897 Cop;epzaBue ~esHJI-137 B nOBepXUOCTlIHX
BOP;ax ATJlaUTH1IeCKOrO OReaBa Hero M:opel
B 1961 rop;y.

898 HsyqeuHe pacnpep;eJleUHJI B30TOnOB ~epHJI,

pyTeUHJI, ~PROUHJI H BH06HJI B npon;ecce
paSJlOZeUHJI MHHepaILEllMH RHCJlOTaMH
npo6 Pa,lJ;HOaRTHBHIIIX BLlIIap;eHHl H aTllo
cl}lepuliIX OCa,lJ;ROB.

899 Onpep;eJleUHe cTpoH~uJI-90 BBOP;ax ATJlan
TH1IeCKOrO OReana B 1961 rop;y.

900 IToBep;eBHe ~e3HJI-137 B xop;e aHaJIB3a
np06 aTMocl}lepHliIX ocap;KOB.

901 ARRYM:YJI~JI pa,ll;HOaKTHBHoro CTpOH1+RJI
npecBoBop;HbUlH paCTeBHJIMH.

902 BLlIIa,ll;euHe Ce141, Ce14f, Zroll + Nb911 H
Sr90 ua TepPHTopHH CCCP BO BTOpol no
.1I0BHHe 1962 rop;a.

903 Pap;HoXHMuqecRaJI MeTop;HKa M:aCCOBOro
ROUTpOJIJI cOp;epZaBHJI CTpou~JI-90 B
npeculiIX Bop;oeMax.

904 CTpo~Hlt-90 B nOBepxuocTuliIX BO,n;ax HH
,n;1I:ltcRoro oxeaua B 1960-1961 ro,n;ax.

905 CpaBUHTeJThHLl:lt aHaJIHS Ua6JIIO,n;aeMLIX
nJIaUeTapuIiIX pacnpep;eJIeHlIit co.n;epmaBHJI
osoua H UfJtOTOpLIX pap;HoaXTHBULIX HSo
TOIIOB B aTMocl}lepe.

906 Kou~euTpa~JI cYMMapno:lt pap;HOaKTHBHO
CTH npOp;yRTOB p;eJIeUHH, a TaRZe Ce141:

Ce14f, Zr911 +Nb911 H 0;13'1 B npHseMUOM
CJIoe Bos,n;yxa B no,n;MOCROBLe B 1960-1962
ro,n;ax.

907 CTpo~-90 B Bop;ax Tuxoro oxeaua.

908 HexoTopLIe ,n;aUULle no RO~euTpa~H pa
,n;HOaRTHBUIiIX npo,n;yxTcB ua,n; HU,n;HitcXlIM
HTHXllM oxeauaMH B 1961-1962 ro,n;ax.

909 Co,u,epzauHe cTpo~JI-90 B lJepuoM Mope
B 1959-1961 rop;ax.

910 Co,n;epZaBHe cTpo~JI-90 B MOJIOXe OT
,lI;eJIbULIX paitouoB CCCP B 1960-1961 ro
p;ax HBnepBo:lt nOJIOBlfHe 1962 ro,n;a.

A/AC.82/G/L.
USSJ:{ (con"nusd)

911 llPUPOP;HaJI P3,ll;HOaRTHBHOCTb OEeaBCEOI
BOP;Il.

912 HCEycCTBeHH8.t'I Pa,lJ;HOaKTHBHOCTb npHsell
Boro CJIOJI aTMocepepll Ba O. Xe:ltca seM:JIH
(Jp~a-HocH4>a B 1960-1961 rop;ax.

913 0 sarpJI3BeUIIH paCTBTeJILBOCTH cTpou
~eM-90 H~esHeM:-137 B 1961 ro,n;y.

914 Pap;HoaxTHBuLIe BLIll3,ll;eRH.ll: 6JIHS CmeB3&
B 1960-1961 rop;aI:.

915 HccJIe,n;onanue COCTaBa pyreuHK-I03 Hpy
TeHHJI-I06 BCMeCH npO.n;yRTOB ,lI;eJIeUHJI Me
TOP;OM 6eTa-raMMa-COBna,n;eHH:lt C~JIJIJI
~OHHLlX cneRTpOM:eTpoB.

916 BLIllap;eHHe cTpO~JI-90 Ha nOBepXUOCTb
TeppHTopUH CCCP B qeTBepTO~ RBapTaJIe
1961 ro,n;a H nepBo:lt nOJIOBHHe 1962 rop;a.

917 CTaTHcTlIxa nOJIBJIeUHJI «rOpJIlIHU qaCT~

BnpHseMHOM CJIoe Bos,n;yxa BIIu,!J;1IfocxoBLe
B 1961-1962 rO)l;aI:.

918 CTpou~:lt-90 B Bo,n;e 6acce:ltHa p. ~OU.

919 BOnpOCIil rJIo6aJThuoro pa,n;HOaKTHBHOrO sa
rpJISUeHHJI BO,n; MnpoBoro oxeaua.

INDIA

920 Active particles in fallout from nuclear
weapon tests. AEET/ AM/34.

JAPAN

921 Radio-activity survey data in Japan, No.
1.

922 Deposition of Sr90 and CS13'1 in Tokyo
through the end of July 1963.

923 Leukaemia and ionizing radiation in Ja
pan. An epidemiological survey.

924 X-ray microanalysis of highly radio
active fall-out particles.

925 Fractionation phenomena in highly radio
active fall-out particles.

926 The increase in induced mutation fre
quency after fractionated irradiation of
gonial cells of the silkworm.

UNITED KINGDOM

927 Interim report: Radio-activity in mi1k~

1963. ARCRL-ll.

UNITED STATES OF AMERICA

928 Radiological Health Data, Volume V,
Number 2, FLJruary 1964.

INDIA

929 Deposition of iodine-131 from the nuclear
weapon tests in the Pacific during 1962.
AEET/ AM/3S.

930 Airborne cerium-141 and cerium-l44 at
Bombay during November 1961-Febru
ary 1963. AEET/AM/36.
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MEXICO

931 Determinacion del estroncio 90 en leches
y aguas de lluvia.
UNITED ARAB REpUBLIC

932 Fa1I-out and radio-active content of the
food chain in HA.R. during the year
1962.

933 Fall-out and radio-active conteI't of cer
tain food items in U.A.R. during the first
quarter of 1963.
SWEDEN

934 A review of measurements of radioac
tivity in food, especially dairy milk, and a
presentation of the 1963 data on CSll1T

and SrllO•

UNITED STATES OF AMERICA

935 Radiological Health Data, Volume V,
Number 3, March 1964.

936 Fall-out program quarterly summary re
port, April 1, 1964. HASL-144.

937 Radiological Health Data, Volume V,
Number 4, April 1964.
UNITED KINGDOM

938 Assay of strontium-9O in human bone in
the United Kingdom. Results for 1963,
part!.

117
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UNITED STATES OF AMERICA

939 Environmental radiation measurements
in the South-eastern, Central and West
ern United States, 1962-1963. HASL
145.
SWEDEN

940 The radio-activity of watches.
941 Physics, chemistry and meteorology of

fall-out.
UNITED STATES OF AMERICA

942 Radiological Health Data, Volume V,
Number 5, May 1964.
SWEDEN

943 Protective effect of cysteamine at frne
tionated irradiation.

944 The behavior of certain lanthanons in
rats.

945 Note on the increase of gamma radiation
from the ground during September 1st
November 30th, 1961.

946 Some observations of variations of the
natural background radiation.

947 Gamma radiation from the gro1U1d in
Sweden during 1960-1963.
UNITED ARAB REpUBLIC

948 Fall-out and radio-active content of food
chain in U.A.R. during the year 1963.
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