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Chapter 1

INTRODUCTION

Constitution and terms of reference
of the Committee

1. The United Nations Scientific Committee on the
Effects of Atomic Radiation was established by the
Gerneral 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 Assembly requested
the Committee:

“(e) To receive and assemble in an appropriate
and useful form the following radiological informa-
tion furnished by States Members of the United
Nations or members of the specialized agencies:

“(i) Reports on observed levels of ionizing radia-
tion and radio-activity in the environment;

“(il) Reports on scientific observations and experi-
ments relevant to the effects of jonizing 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
respect to procedures for sample collection and
instrumentation, and radiation counting procedures

~to Be used in analyses of samples:

-~

“(¢) 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 determine its usefulness for the pur-
poses of the Committee;

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

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

2. The Committee consists of ‘Argentina, Australia,
Belgium, Brazil, Canada, Czechoslovakia, France, In-
dia, Japan, Mexico, Sweden, the Union of Soviet So-
cialist Republics. the United Arab Republic, the United
Kingdom of Great Britain and Northern Ireland and
the United States of America.

Activities of the Committee

3. Since its establishment, the Committee has held
nineteen sessions. Its activities during the first sixteen
sessions were surveyed in the introductions to the
reports that the Committee submitted to the General
Assembly in 1958, 1962, 1964 and 1966.

4. The Committee held its seventeenth and eighteenth
sessions, respectively, at the United Nations Office at
Geneva from 26 August to 6 September 1967. and at
Headquarters from 8 to 17 April 1968. Besides con-
sidering preliminary material later to be included in
the present report, at those sessions the Committee
reviewed the informatiofl that it required to continue
its assessment of world-wide levels of radiation from
nuclear tests. Since some of its earlier requests for data
had become less relevant than before to the problem
of estimating risks to human populations, the Committee
outlined its continued requirements in a letter to States
Members of the United Nations or members of the
specialized agencies or of the International Atomic
Energy Agency. The text of the letter, dated 30 April
1968, which was sen: to the above-mentioned States
by the Secretary of the Committee is attached to this
report as annex E,

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

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

1 Official Records of the General Assembly, Thirteentlh Ses-
sion, Supplement No. 17 (A/3838); ibid., Seventeenth Session,
Supplement No. 16 (A/5216) ; 1bid., Nincteenth Session, Supple-
ment No, 14 (A/5814) ; ibid., Twenty-first Session, Supplement
No. 14 (A/6314). Hereaiter these documents will be referred
to as the 1938, 1962, 1964 and 1966 reports, respectively.



assess the levels of radiation to which the world popula-
tion is or may become exposed, including those from
radio-active contamination of the environment due to
both military and peaceful applications of nuclear energy,
those from the increasing industrial and medical uses
of radiation and radio-nuclides and those from natural
sources present in the environment. The Committee
would also continue to provide the General Assembly
with assessments of the risks entailed by exposure to
radiation and of the mechanisms involved and would
evaluate the significance of any new radiation effect
that came to its attention. The Committee felt that it
might prepare a report on some special aspects of the
above-mentioned subjects to the General Assembly at its
twenty-seventh session, noted that it would report yearly
on its progress and requested that arrangements be
made for a session in September 1970 at the United
Nations Office at Geneva.

Organization of the work of the Committee

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

8. Dr. A. R. Gopal-Ayengar of India and Dr. G. C.
Butler of Canada served as Chairman and Vice-Chair-
man, respectively, during the seventeenth session of the
Committee, Dr, G. C. Butler '6f Canada, Professor B.
Lindell of Sweden and Dr. V. Zeleny of Czechoslovakia
served as Chairman, Vice-Chairman and Rapporteur,
respectively, at the eighteenth and nineteenth sessions.
At the nineteenth session, Professor B. Lindell of
Sweden, Dr. V. Zeleny of Czechoslovakia and Professor
L. R. Caldas of Brazil were elected Chairman, Vice-
Chairman and Rapporteur, respectively, to serve during
the twentieth and twenty-first sessions. The names of
those scientists who attended the seventeenth, eigh-
teenth and nineteenth sessions of the Commitftee as

members of national delegations are listed in appen-
dix II.

Sources of information

9. The reports received by the Committee from
States Members of the United Nations, and members
of the specialized agencies and of the International
Atomic Energy Agency, as well as from these agencies
themselves, between 8 June 1966 and 16 May 1969,
are listed in annex D of this report. Reports received
before 8 June 1966 were listed in earlier reports of
the Committee to the General Assembly. The informa-
tion received officially by the Committee was sup-
plemented by, and interpreted in the light of, informa-

tion available in the current scientific literature or ob-
tained from unpublished private communications from
individual scientists.

Scientific assistance

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

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

Relations with United Nations agencies and
other organizations

12. Representatives of the International Labour Or-
ganisation (ILO), the Food and Agriculture Organiza-
tion of the United Nations (FAQ), the World Health
Organization (WHOQ), and of the International Atomic
Energy Agency (IAEA), as well as of the International
Commission on Radiological Protection (ICRP) and
the International Commission on Radiation Units and
Measurements (ICRU). attended sessions of the Com-
mittee held  during the period under review. The
Committee wishes to acknowledge with appreciation
their contribution to the discussions.

Scope and purpose of the report

13. The present report is not intended to cover
comprehensively the whole field of interest of the
Committee, It 1s limited to a discussion of radio-active
contamination of the environment by nuclear tests,
radiation-induced chromosome aberrations in human
cells and the effects of ionizing radiation on the nervous
system. The present report, therefore, being neither
comprehensive nor self-contained, must be read in the
context of the earlier reviews made by the Committee,

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



Chapter II

RADIO-ACTIVE CONTAMINATION OF THE ENVIRONMENT BY NUCLEAR TESTS

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

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

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

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

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

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

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

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

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

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

10. Short-lived radio-nuclides are a source of radia-
tion exposure of the population for a comparatively
short time following their release into the environment,
and external doses from short-lived nuclides due to
tests carried out in 1966, 1957 znd 1968 have not



significantly increased the global dose commitment.
Measurable iodine-131 levels in milk have been reported
mainly from the southern hemisphere following the
tests carried out in that area.

11. Since the last report, there has been a con-
tinuing interest in the doses received by populations
in the subarctic regions where, because of special
ecological conditions, there is an enhanced transfer of
caesium-137 from deposit to the body, mainly through
consumption of reindeer or caribou meat. In these
regions, individual doses from internal caesium-137 are
of the order of one hundred times greater than the
average for the northern hemisphere. There are also
indications that, in these regions, levels of strontium-90
in food and tissues may be significantly greater, though
not by as much as caesium-137 levels, than the average
for the northern hemisphere.

12. There are several other limited regions of the
world where levels of caesium-137 in food-stuffs and
in humans have been found to exceed by many times
the average for the corresponding latitudinal band.
This has been attributed to high precipitation and to
special soil conditions resulting in increased availability
of caesium-137 to plants.

13. The estimated dose commitments are summarized
in table I. The table includes estimates for the tem-
perate zones of the northern and southern hemispheres.
A third column shows values applicable to the whole
world population. Although the Committee has used
new and less indirect methods of estimating dose com-
mitments, the present estimates differ little from those
given in the previous report.

14, Comparative risks are, as in the 1964 and 1966
reports, expressed as the periods of time during which
the natural background would have to be doubled in
order to deliver an additional dose equal to the
fraction of the dose commitments that will be received
by the year 2000. These periods derived from the dose
commitment estimates applicable to the whole world
population are approximately 11. 26 and 18 months
for gonads, cells lining bone surfaces and bone marrow,
respectively. '

15. The Committee now has increased confidence
that its estimates are representative of the doses to
which humans have been committed, particularly for
those populations in the countries and areas from which
measurements are available,

TaBLE 1. DOSE COMMITMENTS FROM NUCLEAR TESTS CARRIED OUT BEFORE 1968

Dose commitments (mrad)

North South

temperate temperate Whole

Tissue Source of radiation zone zone world
Gonads .................. External  Short-lived 36 8 23
137Cs 36 8 23

Internal 137Cs 21 4 21a
14Cb 13 13 13
Totale 110 33 80
Cells lining bone surfaces. , . . External Short-lived 36 8 23
137Cs 36 8 23

Internal 80Sr 130 28 130a

137Cs 21 4 2]
14 16 16 16
88Sr <1 <1 <1
Totale 240 66 220
Bone marrow ............. External Short-lived 36 8 23
137Cs 36 8 23

Internal 90Sr 64 14 64

137Cs 21 4 2]=
14 13 13 13
895r <1 <1 <1
Totale 170 51 140

2 The dose commitments due to internally deposited 90SR and 137Cs given for the north temperate
zone are considered to represent upper limits of the corresponding dose commitments to the world

population.

b As in the 1964 and 1966 reports, only the doses accumulated up to year 2000 are given for 4C:
at that ime, the doses from the other nuclides will have essentially been delivered in full. The total dose
commitment to the gonads and bone marrow due to the 1#C from tests up to the end of 1967 is about
180 millirads and that to cell lining bone surface iz about 230 millirads.

¢ Totals have been rounded off to two significant figures.




Chapter III

EFFECTS OF IONIZING RADIATION ON THE NERVOUS SYSTEM

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

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

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

4, The importance and diversity of these functions
emphasize the need for the study of the effects of
ionizing radiation on the nervous system. Although
ultimately it is the functional effects that may be more
important, both structural and functional effects need
to be studied. Investigations of functions and structures
have been mostly carried out by different researchers,
and relatively few attempts at integrating the two
approaches have been made. Because the response of
the nervous system is so different depending on
whether irradiation takes place during its development
or afterwards. it is customary and convenient to con-
sider the effects during these two periods in sequence.

Irradiation of the nervous system during
its development

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

6. The frequency and severity of anomalies of any
given type depend on the radiation dose, but informa-

tion is insufficient to establish dose-effect relationships
for any of the malformations affecting the nervous
system, It is likely that the induction of gross malforma-
tions of the nervous system requires doses higher than
a threshold which, for mice and rats, is probably around
100 rads.

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

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

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

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

11. Similar observations have been made among the
offspring of women exposed during pregnancy to the



Hiroshima and Nagasaki explosions. Reduced average
head size and increased incidence of mental retardation
are clearly observed among those exposed within 1.5
kilometres of the hypocentre between the second and
the sixth month of intra-uterine life, and the frequency
of mental retardation may also be above normal at
greater distances, where doses were of the order of a
few rads.

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

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

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

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

Irradiation of the nervous system in the adult

16. In the adult, the radiation dose required to
induce severe structural changes in the nervous system
under conditions of whole-body irradiation is higher
than the dose needed to cause gross alterations of other
systems such as the gastro-intestinal tract and of the
hzmopoietic system. Under conditions of short-term
irradiation. the median lethal dose for man lies around
400 rads, and death when it occurs is mainly due to
the involvement of both of these. Sudden death pri-
marily due to the involvement of the nervous system,
on the other hand. occurs after doses of the order of
several thousands of rads.

17. Only isolated cases of malignant intracranial
tumours of the nervous tissue have been reported after
irradiation of adult subjects. It seems, therefore. that
the induction of malignancies is unlikely to be a
substantial hazard of irradiation of the adult nervous
system in man.

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

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

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

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

22. Tt seems, in summary, that the most significant
fact emerging from a review of the effects of ionizing
radiation on the nervous system is the striking de-
pendence of the type and intensity of effects on the
age at irradiation. In the adult, except at extremely
high doses, the effects that have been observed, whether
structural or functional. appear to be of secondarv
importance compared to those that may zrise in other
tissues and systems. Functional reactions of the ner-
vous system may also appear at very low doses (10
rad or less). However, they are of a physiological
nature. and no damage of the nervous system has been
observed. In children. on the other hand, the evidence
suggests that, at least with regard to the induction of
malignancies, the nervous tissue might be about as
susceptible as other tissues such as the thyroid and



blood-forming tissues. It is, however, in the pre-natal
period that the vulnerability of the nervous system is
highest. There is clear evidence that. from the second
to the sixth month of pre-natal life, doses from 30
rads onwards are associated with increases in mental
retardation and microcephaly. Evidence on the effects
of lower doses during this same period of pre-natal

life is still extremely tenuous and does not permit
exclusion of the possibility that increased incidence of
the same effects mayv be a result of exposure in this
lower range. Available data suggest that even low
doses given to the feetus later in pregnancv may in-
crease the incidence of tumours of the nervous system
as well as of other malignancies.






Chapter IV

RADIATION-INDUCED CHROMOSOME ABERRATIONS IN HUMAN CELLS

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

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

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

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

5. Until relatively recently, most of this work had
been carried out on organisms that were particularly
well suited for cytological study, because they pos-
sessed small numbers of rather large chromosomes,
However, in the last decade, and particularly over the
last four or five years, a considerable amount of study
has been devoted to the induction of aberrations in

man. These studies have been made possible through
the development of simple and reliable techniques for
culturing human cells # vitro and through the applica-
tion and refinement of cytological techniques previously
utilized by plant cytogeneticists.

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

In vitro studies

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

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

9. Although studies in various laboratories on the
relationship between aberration yield and dose lave
shown that separate experiments yield consistent results,
significant differences have been observed between
iaboratories. However. it is now clear that the main
factors coniributing to the quantitative differences
between these results are (a) differences in the quality
of the radiations emploved: (&) the use of irradiated
caltures as opposed to the irradiation of blood cells in
witro prior to culture and (¢) the use of different dura-
tions of culture. When these factors are taken into
account, close agreement between different laboratories



is evident. However, further standardization o'f'methods
is highly desirable to ensure better comparability.

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

In vivo studies

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

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

13. Evaluation of the dose under these conditions
is fraught with uncertainty since, although the cells
(small lymphocytes) that are sampled for studving
aberration yields are widely distributed throughout the
body. they tend to migrate so that only a small pro-
portion is to be found in the peripheral blood at any
one time. Thus, in the case of short-term partial-body
exposure by radiation of a given quality. the aberration
vield observed in the cells sampled will depend upon a
variety of factors, including the volume irradiated. the
proportion of small lymphocytes in the exposed volume
and, since there is considerable mixing between lym-
phocytes in different tissues, the time at which blood
1s sampled after exposure. Similar difficulties arise in
cases where limited areas of the body have been ex-
posed to radiation for medical purposes. and blood
samples are taken at short defined intervals after
exposure,

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

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

Possible biological significance of the aberrations

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

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

18. The incidence of chromosome aberrations and
that of tumours both increase with increasing dose,
but the relationship between the two effects 15 com-
plex. Although there is some correlation between radia-
tion-induced chromosome aberrations and malignancies,
it is a matter of observation that, of the individuals
exposed to low levels of radiation and who have aber-
rations in many of their cells, very few manifest malig-
nant disease.

19. The considerable interest in the possibility that
radiation-induced chromosome aberrations mav con-
tribute to life shortening and to immunological defi-
ciency has not so far resulted in any clear conclusions




regarding the relationship between chromosome aberra-
tions and these effects. Although life shortening and
acute immunological deficiency may be induced by
radiation, the part plaved by chromosome aberrations,
other than by contributing to cell killing in the case
of immunological deficiency, is by no means clear.

20. Information on the vields and types of chromo-
some aberrations in somatic cells does not as yet pro-
vide us with a new approach to, or better estimates
of, risks except in the one specific case of the Ph!
chromosome change which correlates with chronic
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granulocytic leukamia. Knowledge of an increased fre-
quency of chromosome aberrations in the peripheral
blood lymphocytes of an irradiated individual does not
enable us to make any quantitative statement regarding
the risk of developing neoplastic diseases. immunolo-
gical defects or other clinical conditions. For the time
being, estimates of risk of somatic diseases must,
therefore, remain largely based on empirical relation-
ships between doses and observed incidences in groups
of irradiated people, as were the estimates earlier ob-
tained by the Committee,
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2. Although several nuclear devices have been
tested since the last report of the Commiitee,! these
have not added significantly to the global inventory
of long-lived radio-active material in the biosphere.
Furthermore, since the last report was prepared
(June 1966), the rate of deposition of nuclear debris
from the atmosphere has decreased substantially,
thereby simplifying considerably the problem of predict-
ing the future levels of the long-lived radio-nuclides
in the food and tissues of man to be expected from
tests carried out so far.

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

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

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

II. Recent data on environmental contamination
A. AIRBORNE AND DEPOSITED ARTIFICIAL
RADIO-ACTIVITY

1. Atmospheric injections

6. Six nuclear devices were exploded above ground
in central Asia during the years 1966-1968. After
each test in 1966 and 1967, increases in surface-air
activity were observed in Japan within a few days>7
and in North America®!! and Europe!® 13 within the
first two weeks., The debris from the explosion in
June 1967, on the other hand, was observed at the
surface after some months, Reports describing the be-
haviour of the debris from the 1968 test are not yet
available,

7. Five nuclear devices were exploded above ground
at the Tuamotu Islands in the south Pacific during the
last half of 1966, three in mid-1967 and five between
July and September 1968. Increased surface activities
were observed in South America,'* !  South
Africa.l 1320 Agpstralial™®? and New Zealand®?
within a month after each explosion.

8. Temporarily increased surface-air activities have
been observed from time to time. The composition of
the radio-active material suggests that it has originated
from underground explosions.?6-28

9. In January 1968, an airplane carrying nuclear
weapons crashed on the ice in a sparsely populated
area near Thule off the coast of northern Greenland.
Most of the radio-active material, mainly consisting
of plutonium-239, was spread over an area of approxi-
mately 12,000 m® There was no nuclear explosion
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and no evidence was found that radio-activity had
spread from the immediate vicinity of the place of
accident.®

2. Inventories
(a) Strontium-90 and caesium-137

10. No significant amounts of nuclear debris were
injected into the atmosphere between 1963 and
mid-1967, and the stratospheric content of long-lived
nuclides has consequently decreased steadily. Thus, in
the period 1963-1966, the total content of strontium-90
in the atmosphere decreased at an approximately con-
stant rate with an apparent half-life of about one
year.3% 81 The same half-life was found for the man-
ganese-54 presumably produced in the 1961 and 1962
test series presumably produced in the 1961 and 1962
altitudes in 1962 showed a somewhat smaller rate of
removal with a half-life of about 17.5 months. It is
estimated that the explosions in 1967 added 170 kilo-
curies and 0.6 kilocuries of strontium-90 to the strato-
sphere of the northern and southern hemispheres. re-
spectively, while those in 1968 added a further
160 kilocuries and 240 kilocuries®* 3% (Agure 1). Be-
cause of the small amount of debris from earlier tests
still remaining in the stratosphere in 1968, these recent
additions have increased the stratospheric inventory by
about 30 per cent, However, they have only added an
amount equal to about 4 per cent of the global inven-
tory (deposited plus stratospheric) due to the earlier
tests.

11. The ®¥°Cs/"Sr ratio in nuclear debris may
vary to some extent, depending not only upon the
particular processes taking place in the nuclear devices
but also upon fractionation phenomena, However, ob-
servations on the 37Cs/%Sr ratio in atmosphere and
deposit in the years 1966-1968 have not revealed any
systematic trend, and, for the purposes of estimating

global inventories, it can be assumed that its value is
1.6.12, 13, 34-36

(b) Carbon-14

12. The content of artificially produced carbon-14 in
the stratosphere decreased from (36=8) 10%% atoms
at the beginning of 1963 to (17+4) 10%° atoms at
the beginning of 1965.57 No recent data on the strato-
spheric content in the southern hemisphere are avail-
able, but the indications are that the decrease has been
small since 1965, The tropospheric content of
carbon-14 in the northern hemisphere has gradually
decreased since the years 1963-1964, when maximum
concentrations of about 100 per cent of the natural
level were observed, to about 65 per cent in 1967.38
In the southern hemisphere, the concentration has
gradually increased as a consequence of interhemi-
spheric mixing so that the tropospheric concentrations
were about the same in both hemispheres in 1967.38
No observations on the effect of the explosions in 1967
and 1968 on the carbon-14 levels have been reported.

(c) Plutonium-238

13. The burn-up of the radio-isotope power source
SNAP-9A in the upper atmosphere in April 1964
released 17 kilocuries of plutonium-238.3% 4 Because
of the high altitude of injection and the small particle
size of the debris, the rate of depletion of the upper
stratosphere was small during the first years, the ap-
parent hali-life being about ten years** The rate of
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Figure 1. 99Sr concentration contours, August 196732 (pCi (100 scm)-?,
where 1 secm = 1.226 kg air)

depletion has gradually increased, and the apparent
half-life in the stratosphere after 1966 has been esti-
mated to be between two and three years.**® Mea-
sured upper-air concentrations accounted for about
3 kilocuries in the northern hemisphere and 8 kilo-
curies in the southern hemisphere in mid-1967,%2 and
the cumulative deposit to the end of 1967 was estimated
to be 2.2 kilocuries and 4.7 kilocuries in the northern
hemispheres, respectively,3

3. Deposition
(a) General

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

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

16. The nuclear atmospheric explosions occurring
between 1966 and 1968 have all resulted in deposition
of short-lived fission products. A study by Hardy*®
on 3°5r/®Sr ratios in deposition indicates that most of
the deposition occurring within the first half-year after
an explosion is deposited in the hemisphere where the
explosion took place, However, small amounts of fresh
dehris from explosions in the southern hemisphere have
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occasionally been observed in the northern hemisphere
and vice versa.l3 5. 46

17. Fresh nuclear debris consists of a mixture of a
large number of beta- and gamma-emitting nuclides.
The composition changes with time and may also be
affected by fractionation of the debris. The total beta
activity or the amount of any single nuclide will, for
that reason, not give a quantitative measure of the
deposit occurring soon after an explosion. However,
the content of barium-140 in ground-level air or pre-
cipitation can be used as a convenient indicator of the
amount of fresh deposit, as it can easily be measured
by gamma-spectrometric methods and also because it
has a half-life of the same order of magnitude as
iodine-131, which is the nuclide of main concern as
regards doses from fresh deposit. Debris from the
explosions in central Asia has normally been observed
at ground level in the northern hemisphere during the
first month after explosion.!3: *5 The levels have been
moderate, peak values of barium-140 observed in the
United Kingdom between 1966 and 1968 ranging
from 0.01 to 0.1 pCi kg! in ground-level air. The
ground-level activities in the southern hemisphere due
to the explosions in the south Pacific have shown
barium-140 peak values of about 1 pCi kg? in South
Africa,® Australial® and Argentina.® Occasional high
total beta activities in ground-level air have been ob-
served in Japan®’ and North America.?

18. The global annual deposition of strontium-90
has been estimated from the results of two world-
wide networks operated by the United Kingdom Atomic
Energy Research Establishment (AERE) and the
United States Atomic Energy Commission Health and
Safety Laboratory (HASL). Statistical analysis of
deposition data indicated that the latter network had
underestimated the deposition by as much as 20 per
cent*” and this has now been confirmed.*3*® The
cumulative global deposition at the end of 1966 was,
from the AERE network, 12.5 megacuries®® and, after
allowing for the collection efficiency of the samplers,
12.6 megacuries*® from the other network.
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19. The cumulative deposit has been independently
estimated from the results of a world-wide sampling
programme of strontium-90 contents of soils®® to be
13 megacuries. The cumulative deposits from 1958 to
1967 are given in figures 5 and 6 and table I, Table II -
summarizes the strontium-90 inventory from 1963 to
1967, as derived from upper-air and deposition data.

20. No comprehensive information on global
caesium-137 deposition comparable to that on stron-
tium-90 is available. For most practical purposes, it is
sufficient to assume a constant 13°Cs/®Sr ratio and so
calculate the caesium-137 deposition from the deposi-

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

(b) Relative deposition on land and ocean

21. Deposition in the oceans was discussed in detail
in the Committee's 1966 report.3! The main concern in
this connexion was that large differences in deposi-
tion rates between oceans and land could, if unrecog-
nized, give rise to significant errors in the estimates
of the global inventory. Although this did not directly
affect estimates of the dose commitments to the world's
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population, it was felt that the possibility of large syste-
matic errors in assessing the inventory needed to be
studied closely, The experimental data on this subject
are still somewhat contradictory, )

22. The evidence for excess strontium-90 fall-out
in the oceans comes primarily from the sea-water
measurements themselves which, when integrated over
the entire volume of the oceans, result in an estimate
of the inventory substantially larger than that extra-
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polated from land measurements. Systematic observa-
tions of strontium-90 concentrations in surface water
of the north Atlantic have also suggested that the rate
of deposition there is higher than over land.%* 93

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

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




removal from the lower truposphere over the oceans
from those over land.

25. Karol*" studied the deposition of radio-active
aerosols from the troposphere onto the land and sea
surfaces, using a quantitative meteorological model
and data on surface-air concentrations. His computa-
tions from the model indicate that, within a zonal belt,
the average rate of deposition on land and on the sea
should be the same.

26. In view of the above considerations, the fall-out
over the ocean per umit area in each latitude band is
assumed, as in previous reports and for the purposes
of the Committee, to be equal to that over the land.

B. ARTIFICIAL RADIO-ACTIVITY IN FOOD AND TISSUES

1. Strontium-90

27. The levels of strontium-90 in milk and whole
diet in the period 1966-1968 are shown in tables III
and IV, respectively. In the northern hemisphere,
levels have been declining steadily from the peaks of
1963. Based on annual averages, the over-all decline
up to 1968 has been by a factor of between three and
four. In the southern hemisphere, maximum contamina-
tion levels were reached somewhat later, and the sub-
sequent decline has been less marked. Levels are still
generally higher in the northern hemisphere than they
are in the southern hemisphere, though the difference
had narrowed considerably by 1968. In some areas,
particularly the Faroe Islands and Iceland, levels of
strontium-90 in milk a2nd diet are significantly higher
than the average values typical for most of the north-
ern temperate zone. As already indicated in earlier
reports, these elevated levels are mainly due to high
rainfall and poor soil conditions, particularly low cal-
cium content,

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

29. Strontium-90 levels in human bone (table V)
are also declining, As expected, the highest rate of
decline has been observed in bone from the younger
age groups (figure 7), but measurements on adult
vertebrae from the northern hemisphere have also
indicated declining levels from the peaks experienced
in 19635 and 1966. In the case of Denmark, for example,
"Sr/Ca ratios in adult vertebrae in 1968 were about
25 per cent lower than the peak levels observed in
1965, Aleasurements of the levels in other hones,
particularly in the slower metabolizing long-bone shafts,
are less plentiful, but there is an indication that the 1968
levels may be slightly lower than those in 1967
(figure 7).

2. Caesium-137

30. The annual mean levels of caesium-137 in milk
declined steadily in the northern hemisphere from 1965
to 1967 (table III). The levels in 1967 were of the
order of 10-20 per cent of the 1964 peak values. In
the southern hemisphere. the decrease has been smaller.
The available 1968 data indicate that the levels in milk
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Figure 7. Time variation of 0Sr/Ca ratios
in human bone for various age groups

in some countries of the northern hemisphere have in-
creased since the middle of the year as a result of
deposition from recent nuclear explosions.’: % The ob-
servations of the caesium-137 content of whole diets,
summarized in table IV, indicate that levels have varied
in the same way as they have in milk. In some
regions of the world (for example, in some parts of
Florida (United States).® New Zealand,***> Nor-
way,® the Ukrainian Soviet Socialist Republic®® and
and the United Kingdom,” and in the Faroe Islands®?
and Jamaica®), levels of caesium-137 in milk, and in
several areas (for example, Florida® and the Ukrainian
SSR), levels in meat, are substantially higher than
the corresponding latitudinal averages. These higher
levels are possibly due, as in the case of strontium-90.
to a combination of high rainfall and specific soil
conditions.

31. Changes in dietary contamination have been
reflected in changes of caesium-137 levels in man
(table VI), The mean body burdens in 1967 have
usually been about 30 per cent of the 1964 values. The
smaller decrease of body burdens compared with that
in milk levels, is mainly due to the fact that part of the
diet is produced the year before consumption. The ex-
ceptionally high body burdens observed in subarctic
regions persist, and 1t seems that the relative rate of
decrease is smaller than that in temperature regions
as a whole, :

3. Todine-131

32. The atmospheric tests carried out in the southern
hemisphere during the years 1966-1968 resulted in
measurable iodine-131 levels in milk in South America,
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Africa and the south Pacific region (table VII). The
highest integrated level reported from one explosion
series was 27 nCi d I in the Buenos Aires area in the
second half of 1966.

33. In the northern hemisphere, detectable levels
of iodine-131 were observed in Japan after atmos-
pheric explosions in 1966 and 1967% 7 and in the
United Kingdom in January 1967.8%

120—
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40—

14C excess above normal level (per cent)

R | |

Tropospheric level (Nordkapp)

4, Carbon-14

34. The concentration of carbon-14 in the human
body has been steadily approaching tropospheric levels.
Since 1966, the body content has been approximately
in equilibrium with the now slowly decreasing tropo-
spheric levels arising from injections before 1963
(figure 8).8¢

% Human blood (subject No. 1, born 1937)
0 Human blood (subject No. 2, born 1937)
O Humon hair (subject No. 3, born 1962}

| L. | I

1962 1963 1964

1965 1966 1967 1968

Figure 8. 14C concentration trends in the troposphere and in human blood and hair in Scandinavia6é

Assessment of radiation doses from
environmental contamination

A, GENERAL

1. Concept of the dose commitment

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

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

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

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

39. As a measure of the mean integrated doses, the
Committee in its 1962 report®” adopted the concept of
the dose commitment proposed by Lindell.8

2. Definition of the dose commitment

40. The dose commitment was defined by the Com-
mittee in the annexes of the 1964%° and 19667 reports.
In the latter, it was defined as follows: “...the dose
commitment to a given tissue is...the integral over
infinite time of the average dose rates delivered to the
world’s population as a result of a specific practice.
e.g. a given series of nuclear explosions. The actual
exposures may occur over manv years after the explo-
sions have taken place and may be received by indivi-
duals not yet born at the time of the explosions. . .”,

_41. When a population is exposed to ionizing radia-
tion, the tissues of individual members receive radiation
doses. the magnitudes of which depend on complex



physical and biological factors. If Ry(¢) is the dose
rate to the tissue under consideration received at
time ¢ by an individual { born at time ¢; the dose
received up to time ¢ is

t
Dy(t) :/R;('r)a'r, (1)
i
where R;(r) can assume values other than zero only
during the individual's lifetime.

42, If, at time =, the population consists of N(7)
individuals, then the average dose rate at that time is,
summing over all is,

R(-) :N—;'_)ERi(.-), (2)

and the average dose received up to time f by the
population is

t
D,(t) ‘:/ R(+)dr.

The use of — 0 as the lower integration limit in equa-
tion (3) conveniently avoids the need to define the time
scale relative to the exposure.

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

o0

Dy( ) Z/R('r)d'r.

— 0

(4)

and is called the dose commitment,

3. General problems of estimating dose commitments
44. The age structure of a population is defined by
three functions of time:

N(t) = the total number of people in the popula-
tion at time #;

v(t) = the birth-rate at time £

f(1,6) = the probability that a person born at time

6 is alive at time £
For the purposes of the present discussion, these three
functions will be regarded formally as being continuous.

45. The size of a cohort born in a small time interval
dé around time # is then

N(6)v(6)d8. (%)
and the size at some later time ¢ will be
f(1.6)N(6)v(8)d0. (6)

46. If the mean dose rate at time 7 to the living
members of the cohort is R(+,6), the mean dose accu-
mulated up to time ¢ will be

i

D(!ﬂ):/R(.’ﬂ)f(T.O)dr.
6

(7)

At time ¢, each cohort @ contributes a fraction
f(t.8)N(8)v(6)de
N{1) ©)

to the total population, and the mean population dose
rate will therefore be

¢

R(t) = /

— 0

R(18)§(t6)N(6)v(6)d8
N(t)

(9)

from which the dose commitment as defined in para-
graph 43 is obtained.

47. Equation (9) simplifies considerably in the
special case of a stationary population in which birth-
rate » and average life span u, are constant and related
by

(10)

so that

D,() :%// R(t,&)f(t,ﬂ)dﬂdt:Ti—Ec(oo).(11)

where
»
Eifo) = /D(ao,&)d() (12)
—»

is the mean infinite dose integral over all cohorts. In
the case of a single individual, Di(s) = E;( 0 ).

48. The numerical values of E.( ) /iy, and Dy(o0)
in real populations are practically the same for all
nuclides of interest in the present connexion, with the
exception of strontium-90, where the difference is, at
most, 20 per cent. E.( =% )/t can therefore be used as
an approximation for the dose commitment. as this
has some advantages. Firstly, its value is easier to
estimate than that of the dose commitment itself. and.
secondly, the numerical estimates obtained are less sensi-
tive to assumptions concerning the demographic char-
acteristics of the population,

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

o =1 (13)

30. In many cases, there is an appreciable lag
between the receipt of a dose and the overt manifesta-
tion of biological damage. The effect of this lag @ can
be roughly taken care of by replacing the mean life
spant i, by u,, —9. In practice, however, the distribu-
tion of lag times, particularly at low dose rates, is
not well enough known to make it possible to allow
for this effect in the calculation. and it is therefore
usually neglected.

when % < uy;
when u > u,.



31. The radiation doses received by fcetuses are
not normally included in the dose commitment. Not
only is the contribution extremely small, but the type
of damage suffered, as well as the relative tissue
sensitivities, may not be the same at this stage as they
may be later in life. It may be useiul therefore to
define a separate dose commitment for the foetal sub-
population. Thus,

>e]

Dyfw) = j Ry(+)d-,

— D

(14)

where R;( « ) is the mean dose rate delivered to the
feetus during an age interval Ax in which the feetus
is susceptible to a particular type of damage; other-
wise, R;(7) =0. The size of the subpopulation is
vINAu.  Feetal rates from external sources and from
internal sources that are reasonably uniformly distri-
buted will be about the same as those received by the
mother so that, for these sources, Dy(o0 )~Dpy( ). To
estimate the dose rates to the foetus from particular
radio-nuclides, the distribution of these radio-active
sources in the mother and in the foetus must be known.

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

population. The dose commitment i{s then obtained as
the average of the dose commitments to the relevant
subpopulations, appropriately weighted by subpopula-
tion size.

B. GENERAL TRANSFER FUNCTIONS
1. Introduction

53. Doses due to environmental contamination from
nuclear tests are delivered to tissues from sources inside
and outside the body. In the latter case. the dose com-
nmitment can, in principle, be estmated straight-
forwardly, following the general procedures discussed
in the previous section. In the case of doses resulting
from radio-nuclides deposited within the body. the
calculations are complicated because there is no prac-
tical way of measuring tissue doses directly from such
sources, The primary measurement therefore is the
burden of the nuclide in the body or tissue rather than
the dose rate, and the latter must be calculated from
phyvsical principles and the distribution of the source
within the body.

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

Inhalation

1
Input — Atmosphere — Earth's surface & Diet — Tissue — Dose

0 (1)

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

55. Since the dose comumitment from a given source
is the integral over infinite time of the mean per capita
dose rate resulting from that input, steps in the sequence
from input to the final dose commitment can be con-
veniently described in terms of the ratios of the
infinite integrals of appropriate quantities in step j of
the sequence to the infinite integral of the appropriate
quantity in the preceding step 1. These ratios define
the transfer coefficlents Py that appear as links in the
pathway from input of radio-activity into the atmos-
phere to the subsequent radiation dose to man,

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

Dose :I?lﬁut [(Pg[P]ngJPg_‘PA”) :— (P01P1.$P.55) +
017128 a5 (13)

57. Reference will sometimes be made to the value

of the coefficient obtained when numerator and deno-

minator have been integrated to some finite time. In
this case, the general svmhol t or a specific year will

2
(l)

(3) (4) (5)
1

External irradiation

be given in parentheses immediately following the
symbol P. In some sequences, intermediate steps may
not be involved, and this will be indicated by the
numeric suffixes attached to the symbol P. For example,
the case of external radiation in which diet and tissue
steps are not involved will he referred to as P.;. On
the other hand, cases will arise in which an inter-
mediate step, although involved. may not in practice
be treated separately in the calculations. This will be
indicated by the use of a single symbol P with a suffix
showing the numbers of all the steps implicitly included.
For example, P,;; indicates the ratio of the infinite-
time integral of the levels in tissue to the infinite-
time integral of the fall-out deposit,

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

2. Specific transfer functions
(a) Transfer from primary source to atmosphere (P,;)

59. A source of radio-active environmental pollution,
such as a nuclear explosion, is characterized by the
production rate U of the nuclide considered. Depending
on conditions, variable amounts of the radio-active
materials are released into the environment. If the
rate of release into the atmosphere is IV, the transfer
coefficient Py, is defined by



o0
/ Wdt
—-* —

0
/ Udt

—

L4 . (16)

Por= T

(Subsequently, I will be used as a shorthand notation
for integration over time from — o to ).

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

(b) Transfer from atmosphere to eartl’s surface
12

61. The subsequent atmospheric inventory depends
on the rate of removal by deposition onto the earth’s
surface and on radio-active decay. The transfer coeffi-
cient Py, is defined by

IF

P12:-I—Wr— B

(17)

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

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

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

.F(t): /F,-(-r)df (18)
— o

and the cumulative deposit by

i
Fq(t) = /F,(T)e»—(t_f)/TV i, (19)

— 0
where T, is the radio-active mean life.

64. Deposition and population density vary widely
over the earth’s surface, and, for that reason, weighting
factors must be applied when relating mean deposition
to dose commitment. If F, is the mean deposition in
some area A consisting of a number of regions ¢ with
deposition F, and population N, a population factor is
defined as

_ _SFEN,

== 20
FA.EN{ ( )

A

which, if the area is the whole globe, can be used to
estimate the dose commitment from the mean global
deposit, The ratio G¢ = F;/F, is called the geographical
factor and can be used to describe local variations in
deposit.

(c) Transfer from deposit to diet (Pss)

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

Pas =-IIF—C, (21)

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

66. If dC(t. ) is that part of the radio-active con-
centration in the diet at time ¢ that is attributable to
the amount of radio-activity F.(7)dr deposited during
the interval dr at time 7, the transfer function is defined
as

1 3C(tr) 59

K(t:") Fr(f) 37 ( )

where K(t7) is subject only to the assumption that

the transfer processes are unaffected by the consequent

radiation doses received in the biosphere. The level

of activity in the diet at time £, being the sum of the

§emaining portions of all previous deposits, is there-
ore

¢
C(t) = / K(t7)F (r)dx. (23)

— 0

67. Many important processes affecting transier
through the biosphere have a pronounced yearly cycle.
The effects of this periodicity can be largely smoothed
out by taking yearly averages of C(#) and F.(%).
When K (t+) is derived from such yearly averages, it
is generally assumed that the value of K(#,) is deter-
mined by the time lapse t—7 = wu. The integrated
dietary level is then obtained by summing over all
times the annual mean amounts in the diet. or

1’C=]o C(t)dt:]0 .k:(u)a!u].0 F.(t)dt
— 0 — >0
:IF,.]OK(u)du. (24)
0

68. 1f yearly average are used and it is desired to
derive an explicit form for the function K(z) from the



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

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

K(tr) =~ K(tt—1) =~ K(t,n),  (25)

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

oL

IC = IF, /K(n,u)du.
0

70. The transfer coefficient K(¢r) has been defined
for total diet. In practice, diets are composed of various
types of food-stuffs to which different transfer func-
tions may apply. Analogous functions can be derived
for each dietary component. If these are denoted by
K1), then

(26)

K(u) =X aK(u) (27)
and
<0
IC:IF,Sa‘/ Ki(u)du, (28)
0

where a; is the fraction that component 7 contributes
to the total diet and the summations are over-all com-
ponents.

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

72. Very little is known quantitatively about the form
of the transfer function K (), particularly for » longer
than a few years. which may be much shorter than
the period of interest. In its previous reports. the
Committee assumed that

K(u) =pr+pae™> 0< v <1year (29)
= pae = u > 1vear (30)

and
Pyy=pr+paTm. (31)

where p, and py are constant factors of proportion-
ality referring to the transfer into food-stuffs from the

current deposition and the accumulated deposit in soil,
respectively, and where A is the rate constant of the
assumed exponential process by which the nuclide is
removed from soil so that T, is the mean residence
time equal to A1,

73. The methods available for determining the
values of pr and pg, as well as the limitations of applving
an over-simplified model, were discussed in the Com-
mittee’s 1962 and subsequent reports. It was shown
that, in general, the contributions so far have been
largely determined by current deposition. This means
that the values of p4 and T, could not be estimated
reliably.

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

o0 ¥ 0
/C(t)dt:/ C(t)dt+/ C(t)dt, (32)
— — I

and if ¢ is selected so that F.(¥) = 0, then. following
the Committee’s previous assumptions.

C(¥) = pa Fa(t),

and the dietary levels at some later time = are then

(33)

C(r) = pa Fa(t) e —MT— 1) (34)

so that

0

/C(T)d'r:de,;(t’),\" =C(¢) T, (35)

e
and

0 4
IC:/ C(t)dt:[C(t)dt-{—C(t’) Tw (36)

The first term on the right is obtained by summing
the measured dietary levels up to time .7

75. The present formulation has the important
advantages that (@) the estimate of IC thus obtained
is less sensitive to errors introduced by the assump-
tions and becomes increasingly independent of the
assumptions as # increases and (b) the integral on the
right side of the equation can be considered a lower
limit of the estimate of IC, while, if T, in the second
term on the right is taken to be the radio-active mean
life, then the sum of the two terms is the maximum
value that IC could attain. It is therefore possible to
apply limits to the numerical estimate of P,; since

t,

/ C(t)dt/F(¥') <P

— 0

t’
< / C(t)dt +C(¥) T | /F(Y).  (37)

—_— 0



(d) Transfer from dict to tissue (Pg;)
76. The transfer coefficient Py; is defined by

10
-

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

Py, = (38)

77. When a given amount of a radio-nuclide enters
the body, a varying amount becomes deposited in the
different organs and tissues. Subsequently, through
both radio-active decay and biological elimination, the
levels in the different parts of the body decline. If
dQ(t~) is that fraction of the radio-activity in a given
organ or tissue at time ¢ following the intake of an
amount C (7)ds during the interval dr at time r, we
can define a general transfer function. m(t,r) as

1 20(t) :
V=T e (39

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

¢
Q;(t) :/ C(r)m;(t,f)df.

— 0

myt,r

(40)

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

79. An average function #mt,76) can similarly be
defined for the members of a cohort 6 so that

Q(t9) =/ C(r)m(tx8)dr, (41)
0

where Q(t.6) is the mean level of the nuclide at time
t in members of the cohort.

80. The mean leve] weighted by population at time
t is, in analogy to the mean population dose rate as
defined in equation (9).
t
()= [ QULAU(LON()x(8)ds
- N(t)

—

(42)

(e) Transfer from tissue to dose Ps

81. If an integrated radio-activity level IQ results
in a dose commitment D,(« ), the transfer coefficient
P;;, IS
Dﬂ(w) .

10

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

82, If Oy (t) is the level of a radio-nuclide in a given
organ or tissue of an individual at time ¢ and Ry(t)

P45 = (43)

is the dose rate received by the organ or tissue of
interest, the dose-rate function is defined by

Ry(t) |
9(t) =50y

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

83. The average dose-rate function for a cohort is
similarly defined as
R(t8)

g(fﬂ): Q(t,ﬁ) >

where Q(t,0) and R(t,0) are, respectively, the level of
the nuclide in the organ or tissue of interest and the
dose rate at time # averaged over the living members
of the cohort 4.

84, In most cases, g(#8) can for practical purposes
be regarded as a constant g so that

P“‘;:g. (46)

When g(t,8) varies considerably with age, it is usually
more convenient to calculate Pyys directly.

(44)

(45)

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

R(16) = Q(t,6)9(16),

and thus, according to equation (41),

(47)

R(t6) = g(t.0) / C(r)m(t,r.8)dr (48)
6

and cquation (7)
t’

D(t6) _/ i(v6)g(.6) /C(T)m(t/ 8)d= |d¥ (49)

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

D(18) = / C(¥) / 1(=8)g(+8)m(=t.8)ds |d¥.(50)
9 ¥

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

t
E.(t) :[ D(t6)d8 =

—
14 ¢

/ /C(f') / f(=.8)g(+.6)m(+t 6)dr |drds. (31)
r

—x 8

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



pendent of 4, then f(r.6) =f(r—6) =f(u) where u
is the age of the cohort at time ¢ Similarly, when
physiological processes and dietary habits are also con-
stant in time and depend only upon the age of the
cohort,

g(=8) =g(~—48) =g(u) (52)
and
m(r.6) = m{tr — 61 — 0) = m{uy’), (53)

where 1’ is the cohort age at time #. Equation (51)
can then. after integrating to infinity over all cohorts,
be written

Ec(oo)sz(t)dt// fw)g(u)m(ua )dud’, (54)
g

in which the double integral is constant in time so
that

—_ 0

oo}
Efx)=4, / C(t)di (55)

—

with
o0 oo
Alsz g(u)f(u)m(uy’)dudi’. (56)
0w

87. Thus, in principle, the value of E,(c0) can be

estimated if the value of the constant A; and the ac-
cumulated levels of the nuclide in the diet are known
and if the physiological and demographic properties of
the population considered in deriving equation (54)
are generally valid. Combining equations (11) and (55)
and bearing in mind the considerations in paragraph 48,
it follows that

Dﬂ(w) —~ E;() _

A,
IC Uy IC ~ Um

The practical problems of evaluating the constant 4,
and applying equation (57) to real populations vary
markedly according to the different radio-nuclides in-
volved and will be left to later sections.

(f) Dose from external radiation (Pos)

88. If a deposit IF, results in a dose commitment
due to external radiation of Dpest( 0 ), the transfer co-
efficient P,; is

(57)

Psys =

= Dpenel() -

Py = TF, (38)

89. The corresponding transfer function is defined as
1 QR{(ts) .

h(t)‘) - Fr('f) (39)

o7

in analogy with transfer functions discussed earlier.
In practice, (%) is normally approximated by

hits) =hae — Mt —r) (60)

where ko is a dose-rate conversion factor, accounting
for the average effects of weathering, shielding by
buildings, etc., on which the properties of /i(7,r) depend
in a complicated manner,
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C. TRANSFER OF SPECIFIC NUCLIDES
1. Strontium-90
(a) detabolism in man

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

(i) Distribution of strontiuni-90 in the body

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

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

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

94. There are wide variations between individuals
as shown, for example. by a recent study in Czecho-
slovakia™ in which 9°Sr/Ca ratios in vertebrae and
femoral shafts of the same individual were compared.
In the ffty-four individuals examined, the correlation
between the *°Sr/Ca ratios in the two bones was only
0.3. which, though significant at the 95 per cent proba-
bility level, does indicate that normalization factors
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measured on and applied to a small number of samples
may be misleading.

(ii) Strontium retention functions

935. Adults. Experiments on human subjects in
which strontium retention has been measured directly
by whole-body counting of strontium-85 or inferred
from total excretion. together with measurements made
on subjects accidentally contaminated with strontium-
90, show that strontium retention can be described by
a sum of exponentials such as

R(t)=Ape~ N Log,0 =M 4 g0 =N (61)

96.‘ The first two time constants correspond to
half-lives of two or three days and ten to twenty days,
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respectively, the third one to a half-life of at least
several hundred days. However, the physical half-life
of strontium-85 is sixty-five days, and retention can
only be followed experimentally for periods up to
about 500 days.

97. Longer-term retentions have been followed by
Miiller e¢ al.’™ ¢ and by Wenger and Soucas®™ using
a group of luminous dial painters accidentally con-
taminated with strontium-90. Wenger and Soucas
found one subject who. just after intake ceased., was
excreting strontium-90 with a half-life of about 300
days, while another subject, studied 940 days after
intake ceased, showed a half-life of about 2,500 days.
Aiiller studied a group of fifty-two persons for about
2,500 days (just over six vears) and found that the
excretion curve could be separated into a fraction
with a half-life of about 700 dayvs and one with a hali-



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

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

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

Riy=de =M 437 C (62)
where R(t) is the retention ¢ days after intake. B is
the fraction of the intake that is retained at one day
and released as a power function of time and C is a
constant less than unity. So far as the dose commit-
ment is concerned, the exponential term is of no con-
sequence, since A corresponds to a half-life of a few
days only. The power function alone gives a good fit
to the strontium-85 retention for periods from twenty
or thirty days after the uptake to about 300 days.
Miiller reports that it still fits after 2,500 days.

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

R(t)=f.Bi—C (63)
where f, is the fraction absorbed from the gastro-
intestinal tract into the blood. Experimental values for
the parameters f;, B and C vary from person to person
as reported by the same investigator and also between
investigators.

101. Several workers™ 8 have studied small groups
of subjects and obtained estimates of B, f, and/or
the product f;B. The considerable variation found
among the results of different workers is probably
due not only to the small samples studied but also,
in cases of ingestion, to differences between experi-
mental conditions. Typical values of the parameters
are f,=0.2, B=0.5, C=0.2,

102. Measurements of stable strontium in adults?®
suggest that metabolic equilibrium is established,
and this is incompatible with a power-law function.
Marshall®! postulated that there is a transition from
a power-law to a mono-exponential function occurring
t, years after a single intake and that the time constant
of the exponential A is related to the constant C in
the power function by the relation A = C/f,. He esti-
mated that, for humans, ¢, is about 3,000 days which,
combined with a value of C = 0.2, gives A =0.025 y~'.

103. Bryant and Loutit®? and Rivera and Harley%
estimated that the fractional replacement rates of stable
strontium in adult vertebral bodies and femur shafts
are 0.08 y! and 0.02 y1. If the body is in strontium
balance, these values must be equal to the rates of
excretion of the element from these bones, implying
that the final mono-exponential function following a
single intake has a biological time constant of 0.02 y
which is in close agreement with Marshall's estimate.

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

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

105. Juweniles. What has so far been said applies
to adults, and it is not known whether and to what
extent these considerations apply to children and ado-
lescents (age < 20)., Attempts have been made to
estimate strontium-90 excretion rates for children from
the relatively small amount of data available on levels
in bone and in diet.5% %58 The results obtained are

shown in figure 10. In these studies it is implicitly
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assumed that annual excretion rates are a function
of age only and that, at any given age, strontium-90
is eliminated at the same rate regardless of the time
at which the strontium-90 was originally laid down.
These assumptions would be strictly correct with a
simple exponential excretion function but might be a
poor approximation if excretion followed a power law.

(iil) Observed ratio

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

107. Interest in the observed ratio rests mainiv in
the possibility that, through its use, the levels of
90Sr/Ca in bone may be estimated from known levels
in diet. The observed ratio can be measured only in
systems at a steady-state or where the strontium and




calcium being introduced cannot be confused with that
already present, Two methods have been used to esti-
mate the observed ratio for adults:¥ (a) measuring
the ratio of stable strontium to calcium in the diet
and in bone; () administering simultaneously radio-
isotopes of both strontium and calcium. In these
methods, it is assumed that the person has consumed
a diet with a constant stable strontium to calcium
ratio and that the system is at equilibrium.

108. The observed ratio obtained from double-
tracer experiments (simultaneous administration of
radio-active calcium and strontium isotopes) is not
critically dependent upon the interval between intake
and measurement, provided sufficient time is allowed
for removal of the fractions associated with soft tissues
rather than with bone.

109. Values of the observed ratio estimated from
stable strontium to calcium ratios in bone and diet
for a number of countries are shown in table IX. The
range is from 0.15 to 0.33 with an average of 0.22.

110. Values of the observed ratios as a function
of age in juveniles have been estimated from strontium-
90 to calcium relationships, and the results obtained
are shown in figure 11. However these estimates have
been derived from the estimates of annual excretion
rates referred to in paragraph 103, and therefore the
validity of the results thus obtained depends on ex-
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Figure 11, Value of the observed ratio for juveniles

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

111, Effect of diet composition on observed ratios.
A number of factors associated with diet composition
that may alter the value of the observed ratio have been
studied experimentally with laboratory animals,®
Attempts to demonstrate similar effects in man. how-
ever, have generally led to inconclusive results, When
measurements are made on levels of strontium-90 from
fall-out, the experimental conditions can rarely be de-
fined properly, and the results are difficult to interpret.
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112. Knizhnikov and Marei® have measured ob-
served ratios for both stable strontium and strontium-
90 between bone of still-born and maternal diet in the
Soviet Union, finding a value of 0.08 for the former
compared with 0.05 for the latter. They suggest that
the difference is due to the difference in availability
between strontium absorbed from soil and that de-
posited on the surface of cereal grain. A different in-
terpretation is, however, possible if it is assumedst
that only a fraction of the strontium and calcium de-
posited in the fcetus comes from the maternal diet, the
rest being derived from the maternal skeleton.

113. Carr et al® measured %Sr/55Sr ratios in
urine of subjects fed for four weeks on a diet con-
taining whole-grain bread baked from wheat grown
on soil contaminated with high levels of strontium-90
and milk from a cow injected with strontium-83 prior
to milking. Close agreement between the urinary and
dietary isotopic ratios suggests that strontium avail-
ability is not affected by the composition of the diet.
This experimental result does not conflict with the
suggestion of Knizhnikov and Marei, because the
strontium-90 in the cereal grain was derived from soil
rather than directly deposited.

114, The 2°Sr/Ca ratios in diets for Moscow and
New York City are plotted in figure 12. The average
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Figure 12. 90Sr/Ca ratios in whole diet and adult human vertebrae
in Moscow?4: 180 and New York Citylst

diet levels for the two cities during the years 1963-
1966 are in the ratio 2.3, but the average levels in
adult vertebrae during the same period (also shown
in figure 12) are in the ratio of only 1.3, implying
that in Moscow the observed ratio for strontium-90
is nearly half that in New York City. On the other
hand, the observed ratios for stable strontium are very
nearly equal for the two cities (table IX).

113, Knizhnikov and Marei®s have also suggested
that fluorine in drinking water may reduce the value
of the observed ratio. Their measurements show stable
strontium observed ratios declining from 0.18, when



the fluorine content is low, to half this value when the
fluorine concentration is about 1.5 parts per million,
Conflicting results have been obtained by other
workers,?® however. and a proper assessment is not
vet possible.

(b) Food-chain mechanisms

116. Because of the diversity of food-stuffs entering
human diets and the many ways in which they are
produced, prepared and combined in different areas
of the world. a comprehensive quantitative description
of the transfer of strontium-90 through food chains
would be complex. Further limitations are imposed
in practice by the lack of detailed information con-
cerning the calcium intake of a large fraction of the
world population, the levels of strontium-90 in the
different food-stuffs and the effect of local climatic
and agricultural practices on transfer processes.

117, To overcome thesc problems, the Committee
in its 1962 report classified food-stuffs into four broad
types—milk, cereals, starchy roots and vegetables—
for each of which a representative value of the transfer
coefficient was derived from data then available. Like-
wise, total diets were classified into three main types
depending on the proportions contributed to them by
the different food-stuff classes. Weighted mean transfer
coefficients were thus obtained for each diet-type.
When further weighted by the size of the population
consuming them and the level of the strontium-90
deposit for the latitude where the food-stuffs were
produced. these coefficients could be combined to give
a weighted global mean transfer coefficient.

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

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

120. In the case of food-stuffs obtained from plants,
difficulties arise because of the variability in the re-
ported results of measurements of the caleium as well
as of the strontium-90 content, and recent experience
has shown that contamination levels expressed in
activity per unit mass of calcium are often more vari-
able than when expressed as activity per unit mass
of the commodity. A number of factors undoubtedly
contribute to the wvariability, including, particularly,
errors of sampling. for the calcium contents of plants
vary according to variety, local soil coaditions, cultiva-
tion methods and local climate.

121. In the tropics and subtropics, soils deficient
in calcium are common? Though of low fertility,
these soils are used for food production. From such
soils, °0Sr/Ca ratios in vegetable produce may be signi-
ficantly higher than would be predicted by empirical
relationships established in temperate zones. Never-
theless, this effect is probably offset by the appreciably
lower accumulated deposit of strontium-90 in the tropi-
cal zone, and, for the purposes of this report. it will
be assumed that the integrated diet levels will not
exceed those estimated for the populations living in
the northern temperate zones where the average
strontium-90 deposits are maximal.

(c) Transfer functions
(i) Transfer coeficient—deposit to diet

122. When the %Sr/Ca ratios in individual food-
stuffs are known, values of P,s can be estimated by the
method described in paragraph 74.

123. Milk, The %°Sr/Ca ratios in milk from areas
or countries in the northern temperate latitudes are
shown in table X, There is some scatter among the
individual results. reflecting the changing patterns of
deposition rates and weather from year to year and
from place to place, Nevertheless, over a reasonably
long averaging time, the effects of these variations
are largely smoothed out.

124. The value of P,; (milk) has been calculated
from the average annual levels shown in the last
column of table X and from the average integrated
deposit for the latitudinal band, 65 mCi km= (figure
13). The average milk level integrated to 1967 is 137
pCi y (gCa)~!. Taking the observed level in 1967—
9 pCi (gCa)'—and assuming a mean life of strontium-
90 in soil of twenty-one years, the integrated level in
milk subsequent to 1967 will be 189 pCi y (gCa).
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Consequently, the integrated level in milk over all time
due to tests carried out prior to 1963 will be 137 + 189
=326 pCi v (gCa)!, corresponding to Pss (milk)
=35 pCi y (gCa)?* per mCi km™.

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

126. The countries represented in the calculation
contribute about 38 per cent of the total European
production and 46 per cent of the total production in
the northern hemisphere. If the °°Sr/Ca ratios ob-
served in the milk of Moscow and the Ukrainian
Soviet Sacialist Republic could be taken as representa-
tive of milk produced in the Soviet Union, the estimate
of Py (milk) would represent about 70 per cent of
the total milk production of the northern hemisphere,
most of which is produced in the latitudinal band
40-60°N.

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

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

129. The results obtained in Japan may not be
tvpical of the Far East in general. Most of the rice
consumed in the world is of the long-grained indica
variety, whereas in Japan it is the round or short-
grained japonica variety that is grown, and Japanese
methods of cultivation are unique. The levels of con-
tamination vary widely. In 1961, when deposition rates
were low. individual measurements in Japan varied by
a factor of two when expressed on a per unit mass
basis and by a factor of 4.5 when expressed relative to
calcium content, In 1963 and 1964, the range varied
by a factor of seven for levels expressed on a per unit
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mass basis, but no data on calcium contents were
given. Rice is milled and polished, and these processes
remove some of the minerals and, particularly, much
of the strontium-90 content. The Japanese results indi-
cate that 90 per cent may be removed this way.

130. Japan is the only country where the levels of
strontium-90 contamination in wheat and rice can be
compared, The results show that. on a per unit mass
basis, polished rice contains between one-thirtieth and
one-fortieth of the amount of strontium-90 of whole-
grain wheat, while, on a per gramme of calcium basis,
the hrelative contents vary between one-fifth and one-
tentn.

131. The reported strontium-90 contents of whole-
grain wheat from countries in the northern temperate
zone are shown in figure 14. The levels observed in

400~
A
[}
o Canods 182183
300} & Denmark 176
o Jopon]u
v Union of Soviet Socialist Republ?csmo
x United Stales of America 186
(o]
- X
'G -
= 200p v
-4
a
x
o
v
100 -
v x
a
x T v
o o [}
x =3
x
o a o o
o o e
° & ¥ 2 4 - 8
¥ o a
) R S [ N | ! 1 ' 1

1 ] ] .
1955 1956 1957 1958 1959 1950 1961 1952 1963 1984 1965 1966 1967 1968

Fignre 14. 90Sr content of whole wheat grain in the north
temperate zone

North America are generally lower by a factor of two
than those of Europe. Few sets of data om levels in
wheat and the corresponding deposition cover a suffi-
cient period to allow a meaningful integration. Since
using the high levels from Denmark would lead to a
conservative estimate of Pgy (wheat), and since that
country has furnished fairly complete results, the esti-
mate of P,s (wheat) has been based on these data.
If a value of 40 pCi kg™ is taken for each of the years
1955-1958. the cumulative levels up to 1967 are 1,050
pCi y kgt. The level in 1967 was 34 pCi kg=* which,
with a2 mean life of twentv-one years for strontium-90
in soil. implies future levels integrated to infinite time
of about 700 pCi v kg™ Thus. the total expected con-
tamination in wheat is 1730 pCi v kg!, and this,
combined with an average deposition of 65 mCi km™
for the latitudinal band, gives a value of P;; (wheat)
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27 pCi y kgt per mCi km™. An average value of
.33 gCa kg™ in wheat then gives P.; (wheat) =81
pCi v (gCa)~* per mCi km2,

132. A comprehensive study of contamination in
other cereals—rye, oats and barley—is also available
from Denmark. The results imply that the value of
P.: is the same for the four grains when contamination
is on a per unit mass basis, whereas for oats it is about
half that for wheat. rve and barley when expressed
in terms of 9°Sr/Ca ratios.

(=]

133. While milling removes about 80 per cent of
the strontium-90 contamination acquired by direct
deposition and about 30 per cent of the calcium. only
about two-thirds of the stable strontium are removed
by milling.%% implying that the resulting decontami-
nation will be less when most of the strontium-90 comes
from soil. Since milling removes two-thirds of the
stable strontium, the integrated future level in white
flour, assuming 70 per cent extraction, is

700 3. = 333 pCiy ke
Similarly, since milling removes about four-fifths of the
strontium-90, the corresponding integrated level up to

1967 is
1,050 —1(% — 300 pCi y ke,

Thus, combining the two contributions and dividing
by the mean integrated deposition for the north tem-
perate zone (65 mCi km2) gives a value of P,; (white
flour) of approximately 10 pCi y kg™ per mCi km=,
corresponding to 50 pCi y (gCa)~! per mCi km if the
calcium content of white flour is taken to be 0.2 g
kgt Similar values of P, are implied by results of
strontium-90 measurements in Argentina and Australia;
the quantitative assessment is, however, difficult be-
cause of the relatively high rates of deposition in the
southern hemisphere during the year of observations

(1967).

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

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

assumed that contamination levels increased linearly
from zero at the beginning of 1954 to the earliest
recorded measurements, the data given in figure 15,
when treated by the method given in paragraph 74,
can be shown to correspond to a value of P,
(vegetables) equal to about 5 pCi y kg! per mCi km™.
The calcium contents of green vegetables are variable,
but for present purposes a value of 0.33 gCa kg™ is
reasonable so that P,s (vegetables) is equal to about 15
pCi y (gCa)? per mCi km™.

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

137. Whole diet. The assumptions underlying the
calculations above imply that the relative amounts of
strontium-90 in the different types of food observed
in 1967 will henceforth remain constant, The ratio of
9Sr/Ca in diet to that in milk in several countries in
1967 varied between one and 1.5 (table XI). With the
above-mentioned assumptions, P,y (diet) could be
estimated to lie between P.; (milk) and a value one
and a half times higher. namely, between 5 and 7.5
pCi y (gCa)~! per mCi km™2.

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



9 pCi y (gCa)~* per mCi km™, in acceptable agreement
with the estimates presented in paragraph 137.

139. Estimates of Py (whole diet) for the high-
milk-type diet are insensitive to errors in the estimates
of P,s for cereals and vegetables. Obviously, for diets
in which milk is a less prominent component, the
estimates would be more sensitive. Similarly, errors
introduced by using the simplifying assumption that
strontium-90 is depleted from the soil reservoir by an
exponential process having a mean rate constant of
4.5 per cent removal per annum cannot exceed a factor
of about two. Thus, in the case of milk, for example,
the strontium-90 levels already observed would lead
to a value of Pg; equal to 2.1 pCi y (gCa)? per
mCi km™2 (paragraph 124) even if no further uptake of
the nuclide from the soil occurred. On the other hand,
if radio-active decay (about 2.5 per cent per annum)
were the sole removal process, the value of P.s could
not exceed 8 pCi y (gCa)~! per mCi km=2. The margin
of error is even smaller with other food-stuffs because
the fraction of the time-integrated levels obtained by
extrapolation is smaller.

140. For the purpose of this report, the value of
the transfer ccefficient P:; (whole diet) for the high-
milk-type diet is taken to be 9 pCi y (gCa)? per
mCi km=2,

(ii) Transfer coefficient—diet to tissue

141. To estimate the transfer coefficient P4, Lindell®®
introduced five basic assumptions:

(a) strontium is incorporated into bone at a rate
directly proportional to the rate of calcium incorpora-
tion ;

(b) the "Sr/Ca ratio in new bone is proportional
to the ?9Sr/Ca ratio in the diet from which it is
derived. The proportionality factor is independent
of age and, for the purposes of calculation, is taken
to be equal to the observed ratio (OR) in adults
under steady-state conditions;

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

(d) all members of the population have the same
mean life span 1, so that

f(u) =1
f(u) =0

(e) the dose-rate function

0 < U < ity
U Uy,

)

‘

is constant.

142, Ii strontium-90 levels in diet and bone are
expressed in ?9Sr/Ca ratios, it follows from the first
three assumptions that

ORrR 22 '1(”) —/ (u—u)
B( u)

where 1’ is the age at time of uptake: 1 the age at

some later time: B(w) the mass of calcium in the

skeleton at age 1: k; = ke -+ X the rate of strontium-90
loss: and o the rate of calcium incorporation given by

afit’) = kB,
a() = $(')(1 + kor')

in which %, is a constant, ¢(u’) is a growth function
and B, is the mass of calcium in the adult skeleton.
The constant .4;, defiined by equation (36) as

mfi,w') =

(64)

' > 20
0<u <20

32

w0
A,://f(u)g(u.)m(n,u')dudu’,
0w

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

U Um MUm

A,:/ /m(u,u’)dudu’:y/ Fn(w)dw, (65)
’ 0

where
U
F,,.(u’):/ mu )du, (66)
and is called the dose-increment factor.

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

U
1 e, .
_r‘/ Fou(w' )du (67)
0
so that
Foo— A
" yuyOR (68)

Since, according to equation (57), PyPy; = Aiftim
and since y = Py;, then Py; = F,, OR. In its previous
reports, the Committee adopted values of 0.6 and 0.25
for F, and OR, respectively, correspondmg to
Ps; =0.15. Lindell®® showed that F,, is not critically
sensitive to the value of the mean life span nor to the

numerical values assigned to k, and ks, as long as they
are about the same order of magnitude.

144, Alternatively, if measurements of #Sr/Ca
ratios in human bone are available for all age groups
in the population, Ps; can be estimated directly, and
Lindell’s first two assumptions can be avoided. The
strontium-90 level integrated up to some time ¢ is

U

/ f S(¥ 1)dude’.

—300

(69)

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

U Uy
/ / S(tu”) B(” ) gt ) i, (70)
0

where 1" is the age at time t and u is the age at some
later time.

H

o

”
H

145, It follows then that the integrated strontium-90
level in bone due to the amounts mcested through diet
up to time ¢ is G; 4+ H;. Hence,




py= kA (71)
where
t
C,= / C(¥)dr. (72)
—c0

Equation (70) can be written

m

H,=u—1/ S(tw )W )dv”,  (73)
"0

where
1‘"!

W) = / g? ;:)) )

(74)
1"'

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

146. The integral weighting factors are strontium-90
bone burdens integrated over the balance of life for an
initial strontium-90 burden of 1 pCi (gCa)~! at age
u”. The value of H; can therefore be obtained for any
year by multiplying the appropriate integral weighting
factors by the corresponding #°Sr/Ca ratios observed

20—

S

lategrol weighting foctor W(u")

in bone in each age group, summing the products
over the whole population and dividing the sum by
um as in equation (73).

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

148. Values of H: have been estimated for adult
vertebrae assuming &, = 0.1 y-! for this type of bone.
The reasons for choosing vertebrae rather than whole
skeleton are discussed in paragraph 159, The same
value of ks, was assumed for children. Although there
is no experimental evidence to support this assumption,
the value of H: obtained does not depend critically on
it, both because the effect of calcium accretion during
growth is large and because the integrated levels up
to twenty years of age contribute less than 25 per
cent to the integrated levels of the whole population.

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

H k] frem 0-20 as given by Fletcher et gl. (figure 10)

0 10 20 30
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Figure 16. Variation of integral weighting factor P(x") in bone with age of uptake 1”
and 20Sr excretion rate constant



errors (mostly due to sampling) in the original data,
the greatest source of uncertainty is the value of the
excretion rate for strontium-90. In the absence of
further large-scale tests, it will soon become evident
whether the value of 0.1 y! is reasonable or not, for,
if the true value is greater or less than this, then the
values of Ps; obtained in future years will either de-
crease or increase systematically.

150. A value of P;, was also calculated for those
countries in the north temperate latitudes in which milk
contributes a large fraction of the total dietary intake
of calcium, For this purpose. the reported %°Sr/Ca
ratios for each age group were averaged over all the
countries from which sufficient data were available
(figure 17), and the integrated diet levels were obtained
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from the average levels in milk of the countries in the
same geographical area (table X) multiplied by the
average diet-to-milk ratio for this diet type (table XI).
The results are shown in table XIII.

151. The mean value of Pjs; equal to 0.2 thus
obtained agrees with that previously calculated from
the Australian data. The 9°Sr/Ca ratios measured in
vertebrae from Poland and the Soviet Union, also
shown in figure 17, lie within the limits of variability
of those from countries in which milk is a relatively
more important dietary constituent, Despite differences
in the levels of dietary contamination in these two
countries, the corresponding levels of strontium-90 in
bone weighted by population and integrated to 1967
are also about the same, though the corresponding value
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Figure 17.99Sr/Ca ratios in human bone samples in the north temperate zone
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of P, would be about a factor of three lower. The
relative strontium-90 levels in adult skeletons for
countries in which bones other than vertebrae have
been sampled can be estimated from the data in figures
18 and 19. Thus, levels in tibia from Finland are very

o Tibie {Finlond)

x Femur (United Kingdom)

& Femur sheft (Seviet Union, Moscow)
o Femur shait {Czechoslovakia) A

N T R T A

1960 1962 1964 1966 1968

Figure 18. 995r/Ca ratios in long bones

similar to those measured in femur from the United
Kingdom and the Soviet Union (figure 18). On the
other hand, when levels of strontium-90 in ribs from
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Figure 19, 90Sr/Ca ratios in adult ribs
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Japan are compared with those from France and the
Soviet Union (figure 19), it can be inferred that
strontium-90 levels in skeletons from Japan tend to
be somewhat lower than ihe average for the latitudinal
band as a whole.

(iii) Dose-rate factor

152, Adulis. The mean dose rates to active bone
marrow and endosteal tissue applicable in the case
of uniform contamination of the skeleton with stron-
tinm-90 have been calculated by Spiers.®*” However,
in what has so far been experienced, skeletal contamina-
tion in adulis has been manifestly non-uniform, #°Sr/Ca
ratios in typical trabecular bone (vertebral bodies)
being more than three times higher than those found
in typical compact bone (femur diaphyses). Since the
dose rates to bone marrow and endosteal cells are
largely due to the strontium-90 contained in trabecular
bone, averaging the strontium-90 body burden through-
out the whole skeleton underestimates the %°0Sr/Ca
ratio and, hence, the dose.

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

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

0.369 mrad yt per pCi (gCa)~* in trabecular bone
0.180 mrad y-! per pCi (gCa)™! in compact bone.

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

0.678 mrad y* per pCi (gCa)~ in trabecular bone
0.206 mrad y* per pCi (gCa)™* in compact bone.

Ii the skeleton is uniformly labelled at 1 pCi (gCa)-?,
then the bone-marrow and endosteal-cell dose rates
are. respectively, 0.369+0.180 or 0.35 mrad y? per
pCi (gCa)~?, and 0.678+0.206 or 0.88 mrad y! per
pCi (gCa)~. To the latter figure Spiers added a contri-
bution (0.25 mrad y=* per pCi (gCa)?) due to the dose
delivered to the endosteal tissues in shafts of long
bones, Since this correction was not based on direct
experimental data, it must be regarded as an arbitrary
safety factor leading to an over-estimate of the dose-
rate factor.

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

156. The weighted mean dose-rate constant to the
whole active bone marrow, when the average 2°Sr/Ca
ratio in whole skeleton is 1 pCi (gCa)-%, is then cal-
culated as follows:



Trabecular bone _
contribution=2.0 0.369=0.74 mrad y~!

Compact bone
contribution=0.6 0.180=0.11 mrad y*

Total= 0.85 mrad y!-

so that, with a concentration of 1 pCi (gCa)~* in ver-
tebral bodies, the dose rate to the whole active marrow
is 043 mrad y.

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

Trabecular bone

contribution=2.0 0.678=1.36 mrad y-1
Compact bone

contribution=0.6 0.206=0.12 mrad y*

Total= 1.48 mrad y?

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

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

Endosteal tissue
0.82 mrad y-1 per

Bone narrow

(@) Non-uniform . 043 mrad y-1 per

pCGi (gCa)-1 in pCG (gCa)-! in
vertebral bodies vertebral bodies

(b) Uniforma ... 0.55 mrad y1 per 113 mrad y1 per
pCi (gCa)-1 in pCi (gCa)1 in
any bone any bone,

2 The dose-rate factors for uniform distribution of strontium-
90 given here are the same as given in_Table 6 of publication
11 of the International Commission on Radiological Protection.

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

159. There are, however, several advantages to
using strontium-90 levels in vertebral bodies for cal-
culating the dose commitment. Vertebral bodies are a
convenient source of autoptic bone material and have
been widely used in a number of countries, As discussed
earlier, there is uncertainty about the values of nor-
malization factors and, particularly, about their future
time course. Applying dose-rate factors for vertebral
bodies makes it possible to use most of the data directly
without multiplying the results by factors that tend to
be arbitrary, that may vary with time and that require
further assumptions, According to data given by Spiers,
vertebral bodies contain more than 40 per cent of the
active bone marrow in adults and nearly the same
fraction of endosteal cell:. Thus, vertebral bodies con-
tain a larger iraction of the critical tissues than any
other group of bones, although the largest fractionzl
dose-rate contribution comes from the flat bones—
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pelvis, clavicles and scapulae—which, however, have
not been used in bone surveys. The dose-rate con-
tribution of vertebrae is only slightly less, and these
two types of bone together contribute 60 per cent of
the total dose rates to bone marrow and endosteum.

160. Strontium-90 is assumed to be uniformly dis-
tributed in the skeletons of children and adolescents
so that, in the past, normalization factors have been
applied only to measurements obtained from bones of
persons more than twenty years of age. This has meant
that average ?0Sr/Ca ratios for whole skeletons have
shown a sharp discontinuity at age twenty which is
not plausible on physiological grounds. The use of
80Sr/Ca ratios in adult vertebral bodies largely removes
the discontinuity in a rational way,

161. Children. Spiers has applied methods similar
to those used for adults to calculate dose-rate factors
for children. However, the experimental material avail-
able to him was very much smaller, consisting only of
a vertebra and a femur from a five-year-old child.

162. The dose-rate factor calculated by Spiers for
bone marrow in a five-year-old child is 0.82 mrad y*
per pCi (gCa)™?, or about 1.5 times the corresponding
value for adults with uniformly labelled skeleton. It is
not known how this value changes for other ages be-
tween birth and twenty years of age. No corresponding
estimate of the dose-rate factor for endosteal cells in
children is given. However, when estimating the dose
commitment of the whole population, the value of the
dose-rate functions for adults can, with little error, be
taken to be constant with age.

Caesium-137

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

2

164. Caesium-137 and strontium-90 produced by
nuclear explosions in the atmosphere are transported
to the earth’s surface without fractionation, as shown by
the relative uniformity of the observed 137Cs/%0Sr
ratios in air and deposit.}? 13, 3+36. 101

(a) Caesium-137 in food chains

165. The main dietary sources of caesium-137 are
milk. meat, vegetables and cereals.®® In some regions,
fish from inland lakes is locally important.10% 36 Ip
general, however, levels tend to be highest in meat and
cereals and lowest in vegetables.’% Direct comparison
of intakes between different regions thus requires ob-
servations on representative diets (table IV),

166. Within areas with reasonably uniform deposi-
tion and with similar soil types, levels in different
food-stuffs are fairly closelv correlated.5® 1% Mea-
surements on a single item can therefore be used to
detect regions where large deviaiions from normal may
occur. Milk is convenient for this purpose, as repre-
sentative samples can be obtained easily and analysis




is simple. A large number of milk analyses from dif-
ferent regions have been reported (table IIT).

167. When allowance is made for differences in
deposition, levels of caesium-137 in diet and milk as a
rule vary by relatively small amounts between those
regions trom which data have been available. Observa-
tions from regions with non-western diets are. how-
ever, scarce, and no definite conclusions can be drawn
about average levels in these areas,

168. Exceptionally high values have been observed
in reindeer and caribou meat in subarctic regions. The
special conditions in these regions are discussed sepa-
rately in paragraphs 191 and 192. High milk concen-
trations have also been observed in other areas
(paragraph 30) where the higher uptake seems mainly
to be due to predominance of soils low in micaceous
clay and exchangeable potassium so that pastures are
poor and/or high in organic matter. In addition, high
precipitation may in some cases (for example, in moun-
tainous areas) result in enhanced caesium-137 deposi-
tion and uptake. Tracer experiments indicate that up-
take of caesium-137 from red, lateritic and alluvial
soils common in the tropics and subtropics is consider-
ably higher than uptake from the clay soils of tem-
perate regions, but no measurements in local food
products or people in the tropics are available.®4: 105

(b) Transfer from deposit to diet

169. The transfer of caesium-137 to diet is normally
characterized by high uptake during the first years after
deposition and by a relatively small uptake subse-
quently.® No quantitative description of the transfer
from deposit to whole diet has so far been attempted.
However, in its 1964 report, the Committee accepted
that the transfer to milk could be described by the
following equation originally applied to British data by
Bartlett and Mercer:1%¢

C(t) = p'vFe(t) & t'sc [Fo(i—1) + Fr(t—2)]. (75)

where C(t) denotes the caesium-137 concentration in
milk, F.(t) the mean deposition rate in year ¢ and
P’r and P’ are constants determined empirically from
observed levels. Equation (73) gives a transfer coeffi-
clent Pgy=—p/p-2p’s; and corresponds to a transfer
function (paragraph 66) with K(0) = p’y. K(1) =
K(2) = p'scand K (u) > 2 = 0. The uptake after more
than two years is thus formally neglected.

170. More elaborate models have been used to
describe the relationship between levels in deposition
and in milk by Bartlett and Russell!9% 108 and by
others.’® In these models, the long-term component
has explicitly been taken into account by assuming
K(u) = 2 = p,e“/™, where p, is a constant derived
from tracer experiments.

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

Cf66) _ L(66)+K(2) F,(64) 4+ K(1) F,(65) + K(0) F,(66)

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

172. If observations on dietary levels are available
for most of the deposition period. P,; can be estimated
directly by means of the relation

‘jcmm fam&
_ == t

Pas — (76)

E(t) TOF(@)
where C’ is the part of the dietary level due to deposi-
tion before time ¢ The first term to the right will be
called Pg,(t). Observations on total diet are nowhere
available for the whole period of interest, but they can
be inferred from observations on bodv content, as the
integrated body content over a reasonably long time
is directly proportional to the dietary intake (para-
graph 182), For example, Gustafsson and Miller'0% 316
give the integrated dietary intake of caesium-137 for the
years 1961-1967 in the Chicago area as 180 pCi y
(gK). The total uptake can then be estimated by
multiplying this value by the ratio between the inte-
grated body levels in the years 1953-1967 and the
levels in the period 1961-1967, giving 275 pCi y (gK)-L.
The total mean deposition of caesium-137 in Chicago
up to 1967 was about 85 mCi km= and thus
Py (1967) = 3.25 pCi y (gK)™* per mCi km=.

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

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

=}
C'()d-.
1968

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

(77)

C(67) = L(67) + K(2) F:(65) + K(1) F(66) + K(0) F.(67)"
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where L(66) is the uptake in 1966 due to deposition
in 1963 and earlier and L(67) the uptake in 1967 from
deposition in 1964 and earlier. It will be assumed
that these terms are directly proportional to the cumu-
lative deposit in 1963 and 1964, respectively. The annual
deposit in the northern hemisphere decreased by about
50 per cent per year!!® from 1964 to 1967. The fact
that

F (64)

F.(65)
implies that
C(66) _Fu(63) + E[F,(64) + F.(65) + F.(66)]
C(67)  Fa(61) + k[Fr(65) + Fr(66) + Fr(57)](’79)

F,(65)
F(66)

F,(66)
F.(67)

(78)

==

where £ is a constant reflecting the rate of uptake from
comparatively fresh deposit. In order to avoid the lag
effects discussed in paragraph 171, milk rather than
total diet was chosen to estimate k.

176. When the pertinent deposition and milk data
for the United States are inserted in equation (79),
it i3 found that k 33, implying that somewhat
less than 20 per cent of the milk level in 1967 was
due to deposition before 1965. The future dietary con-
tent due to deposition before 1965 can thus be estimated
as 0.2 C(67) T’n. where T, is the effective mean
residence time in soil. The sum of this term and the
observed integrated dietary content up to 1967 gives
an over-estimate of the total integrated dietary content
due to deposition before 1965, as the effect on diet
during the years 1965-1967 from deposition in this
period is included. As the integrated deposit increased
very little between 1965 and 1967, this over-estimate
is smail, however, Pg; is obtained by dividing the total
integrated dietary content thus obtained by the in-
tegrated deposit at the end of 1964. The pessimistic
assumption that 77, is equal to the radio-active mean
life (forty-four years) gives an estimate of P.; =4.1
pCi y (gK)™* per mCi km™,

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

0

fom&

—

Pos
Pos(t) — ¢
/C(,-)df

— %

(80)

this ratio can be estimated for different regions in the
northern hemisphere, using, for example, milk data
and the method indicated in paragraphs 172 to 174.
This method has the advantage that information on
local deposition is not required.

(c) Metabolism of caesium-137 in the body

178. Caesium-137 ingested by man is rapidly dis-
tributed in the body. about 80 per cent being deposited
in muscle and & per cent in bone.l® About 10 per cent
is rapidly excreted, and the remainder is excreted at
a slower constant rate, The observed half-life in adults
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varies between less than fifty and more than 200 days
and seems to depend on body weight, sex and dietary
habits. 11?112 Even within a relatively homogeneous
group, the variability in half-life is considerable.l!3
The half-life in children is shorter than in adults and
is of the order of ten days for new-born infants.1%0
Based on published data, McCraw?!!* gave the empirical
equation T = 12.8 (u* + e) days, where u is age
in years, There has been some indication that a small
part of caesium might be fixed in bone with long
residence time!®® but no quantitative .observations
have been reported.

179. The average body content of caesium-137 in a
population at a given time varies with individual values
of the biological half-life and with dietary habits. The
observed caesium-137 levels (in pCi (gK)-* are 20-30
per cent lower in women than in men.111? Levels in
children are, as a rule, lower than in adults.!o® 216, 137
For estimating the dose commitment, it will be
assumed that. the caesium-137 level (in pCi (gK)?)
in children is the same as in adults, an assumption
which probably results in a small over-estimate of the
‘population average.

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

181. The relation between caesium-137 concentra-
tion in blood and body burden has been studied by
Yamagata'® who has also made an extensive survey
of body burdens using blood samples.’?1:1#2 Recently
a study by Jaakkola et al'** has shown a very good
correlation between body burden expressed in nCi
(gK)-! and blood concentration and a much poorer
correlation with caesium-137 concentrations in twenty-
four-hour urine samples. The results indicate, however,
that pooled urine samples from at least twenty in-
dividuals give a reasonable estimate of the average
body burden. These results are confirmed by similar
investigations made by Ramzaev ef ol.**® The caesium-
137 concentration in human hair has also been found
to be well correlated with body content.t*% 318

(d) Transfer from diet to body

182. The short residence time of caesium in the
human body (7",) implies that the ratio between
integrated body content and total dietary intake over
some extended period of time (more than, say, two
vears) will be a good estimate of the transfer co-
efficient P,,, that is,

/Q(:)a’.— f 0f+)d-
_—YJ ~I‘1 81
Poy=— SUETY (81)
/C(T)df'/ C(-)ds
—_— f[
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183. The coefficient Py; can be estimated directly,
using data from the Ur_lited _States”s' 1"? andﬂ_'Den-
mark.!** Expressed in picocuries of caesium-137 per
oramme of potassium. the integrated body content of
adults in the United States during the years 1961-1967
was 300 pCi v (gK)-! and the corresponding dietary
intake 180 pCi ¥ (gK)~! so that P,y = 2.8, For Den-
mark. the integrated body content during the years
1963-1967 was 533 pCi y (gN)-! and the dietary intake
184 pCi y (gK), giving Py, =29, In this case, Py
can be regarded as dimensionless,

18+. Alternatively, body contents and dietary intakes
can be expressed in terms of total activity., Because
the integrated body content, when so expressed, is
equal to the total dietary intake multiplied by the frac-
tional intake f; and by the caesium-137 mean life in the
body 77w,

P.’H = flT”m (82)

and is thus expressed in units of time. Since fractional
intake is close to one,”! P4 is close to the mean resi-
dence time in the body. Taking the total content of potas-
sium in the body as 140 grammes and a yearly intake of
1.400 gramimes, and using the same data as in the pre-
vious paragraph, the values of Pj; then become 0.27 and
0.31 year for the United States and Denmark, re-
spectively, corresponding to a mean biological residence
time of about 100 days. The value of the transfer
coefficient thus obtained differs from that obtained in
the previous paragraph by the ratio of the potassium
body content to the potassium yearly intake or by
approximately 0.1 y=.

185. When observations on total deposit and in-
tegrated body burdens are available, numerical
estimates of the factors Py; and P,y are not necessary
if the body can be assumed to be in equilibrium with
the diet, as in that case the dietary step can be by-
passed and the deposit linked to body burden by means
of a transfer coefficient P,s;. In the Committee’s 1964
and 1966 reports, P,y was estimated from the follow-
ing equation relating body burden and deposit:

O(t) = Py Fy(t) + Pao (Fo(t — 1) = Fo(t — 2)).(83)

where P, and P, were empirical coustants. This
equation is analogous to equation (73) and

P:34=Pr+3Psc- (84)

186. A mwore direct estimate of P,z; can be obtained

from
eC 4
/ Q(+)dr / Qfr)dr
—_ P, —_—n
Py — i = = 85
i F(x) Pas(1) F(t) (83)
187. The United States data discussed in para-
graphs 172 to 175 give. as a conservative estimate,
_ 41 44 (1) o2
Peyy = 325 "85 — 11 pCiy (gK)™! per mCi km™2,

(86)

which is consistent with the value obtained by multi-
plying Ps;, as given in paragraph 176 by Ps; as
obtained in paragraph 183.

188. A study of the variation of Pas; in different
parts of the northern hemisphere can be made by
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comparing integrated body burdens. As, in the north-
ern hemisphere. the deposition rates have varied fairly
uniformly with time and as body burdens up to 1967
have mainly been due to short-term uptake, the ratios
between body burdens in different parts of the hemi-
sphere in the same time periods should be directly pro-
portional to F(67) Ps(67).

189. Body burdens in different regions and ratios
relative to Gustafsson's and Miller's values are given
in table VI from which it is seen that. with the ex-
ception of the regions discussed in paragraph 168, the
ratios in the northern hemisphere lie between one and
two with most values around 1.3, the only exception
being Japan with a value of 0.6. It is notable that
the ratios in northern Europe tend to increase at the
end of the period, indicating that the long-term con-
tribution is somewhat higher than in the United States.
This increase is modest, however. and it seems rea-
sonable to assume that the long-term contribution
after 1967 is of the order of 25 per cent of the total.
as in the United States. Studies of the dietary intake
in the different parts of the Soviet Union!®'- 128 indi-
cate that the levels in the Moscow and Leningrad
areas, from which body burdens have been reported.
%Jre‘reasonabl_v well representative of the entire Soviet

nion,

(e) Dosec-rate factor

190. According to Spiers,!® a caesium-137 body
content of 1 pCi (gK)! gives a dose rate of 18 urad
v'! for a man weighing 70 kilogrammes and 15 prad
y! for a child weighing 8 kilogrammes, If the caesium-
137 body content is expressed as pCi (gK)™, the dose-
rate function g(u) is thus approximately independent
of age, and it will be assumed that

Py; = 18 prad y™ per pCi (gK)-? (87)

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

Pz:u.: - Pe.uP.;s =0.20 mrad per mCi km™—2. (88)

(f) Subarctic regions

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

than the local population average, 39132 as shown in
table VI.

192. Levels of caesium-137 in reindeer and caribou
are high because the lichens, which are an important
food for these animals during winter, effectively entrap
and retain a substantial proportion of the deposit falling
onto them, The apparent half-life of caesium-137 in
lichens due to grazing and leaching varies from 2.5 to
fifteen years!®3-13% 5o that estimates of the dose commit-
ment for these regions are uncertain, Miettinen and
Rahola®®! have calculated average integrated body
burdens of about 30 nCi y (gK)! for Finnish Lapps
(reindeer breeders) during the years 1961-1968. As-
suming an apparent half-life of between 2.5 and fifteen
vears. the long-term contribution after 1968 is from
12 to 75 nCi y (gK)-1. Thus. the total integrated body



burden should be from 40 to 100 nCi y (gK)-, or
about 100 times the average for the northern hemisghere.

3. External radiation

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

194. Theoretical and experimental studies on the
transmission of gamma radiation from radio-active
deposits make it possible to calculate the resulting air
dose, provided the properties of the ground and the
distribution of radio-activity in the top layer are
known.13¢-13% However, as this information is largely
unavailable, estimated air doses are only approximate.
No new data regarding shielding by buildings and
screening by the human body warrant any change in
the Committee’s earlier estimate'4? of a combined shield-
ing and screening factor of 0.2.

195. The effect of the radio-activity distribution in
the top layer on the dose-rate conversion factor has
been assessed for the case in which the activity de-
creases exponentially with depth.13723® When the re-
laxation length ! (which corresponds to the depth at
which the activity has decreased by a factor of ¢)
increases from zero (i.e., plane source) the dose-rate
factor initially decreases rapidly but subsequently rather
slowly. When [ increases from 1 to 3 centimetres, the
dose-rate factor for caesium-137 decreases from 60 to
40 per cent of the plane-source value®” From such
calculations and studies of the actual distribution,1t!: 142
it can be deduced that ground roughness and weathering
result in a reduction factor of from one to 0.3 as com-
pared to a plane source.

196. As the short-lived nuclides deliver most of their
dose contribution within a relatively short period of
time, no reduction factor for soil penetration is required.
As regards caesium-137, the main dose contribution
occurs after the nuclide has penetrated into the soil.
In order to take account of this, a soil shielding factor
is applied for caesium-137. The value of this factor is
taken to be 0.5. The dose-rate factors given by Beck?!38
are used (table XVI). The largest contribution to the
dose commitment from external radiation comes from cae-
sium-137. As the 13°Cs/%Sr ratios in deposit are ‘airly
constant, the caesium-137 external dose conumitment
can be estimated from either caesium-137 or stron-
tium-90 deposition data.

197. Measurements of air doses due to deposit from
nuclear explosions have been reported from Japan 143 1%
the United Kingdom'*® and Sweden.'*® The yearly
mean exposures, ranging from 4 to 12 milliroentgens in
Japan, from 4 to 6 milliroentgens in the United Kingdom
and from 6 to 9 milliroentgens in Sweden, have not
varied appreciably between 1965 and 1967. In Japan,
comparatively high exposures were observed during the
period December 1966-January 1967. presumably due
to fresh debris from tests in central Asia.

198. Estimates of exiernal doses based on deposit
measurements have been reported from Argentina® and
Australia.l™?® In Argentina, doses to gonads and bone
marrow from short-lived nuclides deposited after the
1966, 1967 and 1968 tests in the south Pacific were
estimated to have been 4.9, 09 and 1.3 millirads.
respectively. In Australia, the corresponding doses were
well below I millirad.
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199. While deposition of shorter-lived nuclides dur-
ing the years 1965-1967 was all due to tests carried
out in that period, that of the longer-lived nuclides
included a contribution from earlier tests which cannot
easily be isolated and which have already been included
in the estimate of the external dose commitment given in
the 1966 report. The Committee estimates that the
external global dose commitment due to short-lived
nuclides from tests between 1965 and 1967 is. at most,
2 per cent of the external dose commitment from tests
up to 1964.

4, Carbon-14

200. Because carbon-14 circulates in nature and its
radio-active half-life is long compared with that of the
other long-lived nuclides, strontium-90 and caesium-137,
the dose from carbon-14 will be received over a very
much longer period of time. It is therefore convenient
to consider the dose commitment due to carbon-14 in
two ways, namely, the total dose commitment itself
and that fraction of it which will be delivered up to
the year 2000, when most of the dose commitment
from the other long-lived nuclides will have been de-
livered. It is the numerical value of the latter fraction
which is usually added to the dose commitments due
to the other nuclides to obtain the over-all dose com-
mitment from weapons tests so far carried out. but it
must be remembered that there will be a further, and
larger, contribution from carbon-14 which will be
delivered after the year 2000.

201. Most of the carbon-14 produced by nuclear
explosions has been injected into the stratosphere where
naturally produced carbon-14 also originates. Transport
processes are thus essentially identical for natural and
artificially produced carbon-14, If it is assumed that
present levels of natural carbon-14 on earth reflect a
steady-state condition and that the carbon balance will
not change appreciably in the future, it is possible to
estimate the dose commitment without any specific
assumptions regarding transport processes, population
structure, etc. by means of the expression

(4
D?(w) =% B

where yo is the dose rate due to natural carbon-14, B
is the production rate of natural carbon-14 and W is
the amount of artificially produced carbon-14.67

202. The exchange processes determining the bio-
spheric levels are characterized by a rapid exchange
with time constants of the order of a few vears at most
between different parts of the atmosphere. biosphere
and ocean-surface layer. The transfer into deep ocean
and humus is a slower process with time constants of
the order of tens of years, and the back-transfer to the
atmosphere is still slower with time constants of manv
hundreds of years'#™ 5 After a few years, the at-
mospheric and biospheric levels due to an atmospheric
injection will thus decrease at a rate mainly determined
by the transfer to deep ocean and humus. and the effect
of a back-transport will be quite small. at least during
the first fifty vears. This is the situation obtaining now,
since no significant additions to the artificial carbon-14
inventory have been made since 1962.

' (89)

203. Quantitative studies of the transfer processes
usually rely on compartment models with first-order
kinetics. Complicated models have been applied,48-151
but, for the purpose of estimating the dose commitment
up to the year 2000, a model with four compartments



is sufficient: (@) stratosphere: (&) troposphere and
biosphere; (¢) ocean-surface layer; and (d) deep ocean
*and humus.*® The errors introduced by using this
simplified model are small compared to the errors due
to uncertainties in estimates of the exchange coefficients.

204. The exchange of artificially produced carbon-14
between different parts of atmosphere and the oceans
has recently been studied by Nydal,**® who estimated
the stratosphere-troposphere exchange coefficient to be
0.5 v, in agreement with earlier estimates3® He
further found a mean residence time of four years in
the troposphere, a value also obtained by Young and
Fairhall.® From estimates of the net production rate
of carbon in land plants%® it can be concluded that
the largest part of the carbon dioxide in the atmosphere
is taken up by the oceans.

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

206. When the exchange coefficients discussed in
paragraphs 203 to 205 are applied to the four-com-
partment model, it follows that an injection of 10%7
atoms of carbon-14 in the stratosphere leads to a con-
centration in the troposphere (expressed in per cent
of the natural level) of

I(t) = 0.16 £0-00012¢ 1,96 g-0.020¢
1284 €035t _ 4.96 0.0t (90)

where ¢ is the time after injection in years. The first
term allows for radio-active decay. The time constants
in the last two terms of this expression are mainly
determined by the rapid exchange processes in at-
mosphere, biosphere and ocean-surface layer, whereas
the time constant in the second term to the right is
determined by the slower processes discussed in para-
graph 203,

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

2000 32
/ I(t)dt ~ C(1967) / 0099t 4 = 21 1(1967) (91)
1968 4]

208. As was pointed out in paragraph 203. the
exchange coefficients determining the time constant
0.029 are tentative. The integrated tropospheric level is,
however, not very sensitive to the value of the time
constant. If its true wvalue is in the range 0.01-0.06,
it is found that

2000
I(t)di = (20 =7) C(1967 ).
1963

(92)

209. The integrated tropospheric concentrations up
to 1967, inclusive, can be estimated from data sum-
marized in the Committee’s 1964 report™ and by
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Nydal'*® (figure 20) to be 510 and 390 per cent year
of natural carbon-14 in the northern and southern
hemispheres, respectively. In both hemispheres, the
concentrations in 1967 were about 65 per cent of the
natural level. Thus, the integrated level up to the year
2000 is estimated to be about 3510 + 21 X 65 = 1.875
in the northern hemisphere and 1,750 in the southern
hemisphere, or about 1,800 per cent year of carbon-14
globally.

210. As the exchange between tropospheric air, food-
producing plants and land animals is rapid, human body
levels have followed tropospheric levels with a delay of
one to two years.1% 155 Measurements on human blood
and hair indicate that equilibrium has been virtually
established since 196515 (figure 8), and it can thus be
assumed that the integrated body burden up to the
year 2000 is the same as the integrated tropospheric
content. The dose commitment up to the year 2000 is
thus obtained from equation (92) by multiplying by
the dose-rate constant y,.

211. The dose rate due to the natural carbon-14
produced per year is 0.7 mrad y in bone marrow and
soft tissue and 0.9 mrad y? in cells lining bone sur-
faces,190

5. lTodine-131

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

213. 1f dose commitments are required, it is essential
to have ready a monitoring system whereby representa-
tive dietary samples can be obtained and analyzed
rapidly. In those areas where milk is a major dietary
component, it has been found that. within a specified
region. there is usually a strong correlation between
the concentration of barium-140 in ground-level air
and iodine-131 concentration in milk. Since it is com-
paratively simple to obtain air samples, such a measure-
ment can be used to trigger full milk sampling systems.

(a) lodine-131 in food chains

214. Where it is a major dietary component, milk
dominates as a source of iodine-131 ingestion. In areas
where little milk is consumed, the main source of
iodine-131 intake is probably vegetables.b* 213 Qnce
deposited on grass, iodine is removed by various pro-
cesses such as cropping, leaching and volatilization.
Several studies have indicated an effective half-life of
three to six days%? The efficiency of transfer from
grass to milk depends on many factors associated with
local farm practices. During winter, transfer will ob-
viously be negligible in areas where cows eat stored
feed. Breed of herd, season, density of herbage and milk
vield may affect the transfer appreciably.8t138. 150
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Figure 20, 14C variation in the tropospherel+9

(b) Metabolismn of todine-131 in the body

213. lodine-131 is concentrated in the human thyroid
which receives a dose many orders of magnitude greater
than any other organ.’®® For a given dietary intake, the
resulting dose to the thyroid is at least ten times higher
in six-month-old infants than in adults, although the
total iodine-131 content of the thyroid is about the
Same-100-162

(¢) Dose-rate factor

216. In the Committee’'s 1964 report,!®® it was
estimated that an integrated milk level of nCi d 17
results in.a thyroid dose of 11.5 millirads to children
one to two years of age, in close agreement with later
estimates. Corresponding mean doses for individuals
in age groups zero to ten, ten to twenty and twenty to
seventy years of age are, according to Neill’s and
Robinson’s data,2®? 6.1, 2.5 and 0.7 millirads, respec-
tively,

6. Other nuclides

217. Relatively large amounts of iron-55 were pro-
duced in the nuclear test series during 1961 and 1962.
As iron is readily transferred in the biosphere and
taken up by man, relatively high activity levels have
been observed in the subsequent years. A number of
investigations on iron-55 in food chains and in man
have been reported.!®-17® Although the body burdens
are comparable to those of caesium-137. the resulting
dose rates are far smaller since the dose-rate factor
for iron-33 is quite small, 169
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218. Studies on other nuclides produced by nuclear
explosions, such as sodium-22, manganese-54, kryp-
ton-85, plutonium-239, and tritium, indicate that the
internal dose commitments due to these nuclides are
of minor importance.}?1-1%4

D. DoSE COMMITMENTS FROM EXTERNAL AND
INTERNAL CONTAMINATION

1. Introduction

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

1(a). Populations living in regions from which a
relatively large amount of data on contamination by
these long-lived nuclides is available and where
transfer processes are sufficiently well understood to
make possible reasonably reliable predictions of future
levels. The regions included are those in which the
principal source of caesium-137 and strontium-90 in
the diet is dairy produce, such as western Furope
and North America in the north temperate zone and
Argentina. Australia and New Zealand in the tem-
perate zone of the southern hemisphere.

I(b). Populations living in regions in the snorthern
temperate sone from which a relatively large amount
of environmental data is also evailable but where some
transfer processes are different from those in 1(a).
These regions include parts of the Soviet Union and
other areas of eastern Europe in which the principal
source of caesium-137 and strontium-90 in diet are
whole wheat and rve. This group also includes the

'-’



population of Japan which differs from the eastern
FEuropean populations insofar as rice and vegetables
are the principal sources of strontium-90 and cae-
sium-137.

1I. Populations in the remaining regions of the
world from which abmost no environmental data are
available and litile is known about transfer processes
tirough jood chains. For these regions, it is thus
necessary not only to predict future levels but also
io estimate past levels. These regions include, in
particular, the tropical and subtropical beit.

220. In addition to these broad population groups.
there are substantial groups of individuals for whom
the dose rates may be much higher than typical values
for the temperate zone because of special climatic and
dietarv factors. An important example is that of the
arctic and subarctic regions where people include rein-
deer and caribou meat and fresh-water fish in their
diets. As they are a relatively small fraction of the
world's population, the enhanced doses that they receive
do not contribute significantly to the world-wide dose
commitment.

221. The dose commitment due to carbon-14, on the
other hand, does not depend significantly on dietary
and social habits, and, since the deposit of carbon-14
is more or less uniforin over the globe, it will be equal
for all populations. .

222. Dose commitments for the population belonging
to group I(a) will be calculated first. using equation
(16) and the values of the transfer coefficients relevant
to each case, as estimated in the preceding paragraphs.
The special problems arising in the case of populations
belonging to groups I(d) and II will then be con-

sidered separately.

2. Distribution of world-wide deposit of long-lived
radio-nuclides

223. The distribution of deposit over the surface of
the earth is shown in table XVII. The average integrated
deposit of strontium-90 in the north temperate latitudes
to the end of 1967 is about 65 mCi km™2, whereas that
of caesium-137, obtained by multiplying the value for
strontium-90 by 1.6 (paragraph 20), is 104 mCi km=2.
The corresponding values in the south temperate lati-
tudes are 14 mCi km* and 22 mCi km™= for stron-
tium-90 and caesium-137, respectively.

3. Dose commitments to group I(a) population

(a) Internal dose commitiments
(i) Strontinm-90
224. The following values of the transfer coefficients
are used
(a) Pz = 9 pCi y (gCa)? per mCi km™? (para-
graph 140)
(b) Py (vertebrae) = 0.2 pCi y (gCa)! per
pCiy (gCa)™* (paragraph 151)
(¢) P,s; (bone marrow) = 0.55 mrad y per pCi
(gCa)-! (paragraph 158)
P,; (endosteal cells) = 1.1 mrad y? per pCi
(gCa)~* (paragraph 158)

Thus we obtain

43

D,( ) (bone marrow) = 64 mrad in the northern
hemisphere

= 14 mrad in the southern
hemisphere

D,(=) (endostealcells) = 128 mrad in the northern
hemisphere

— 28 mrad in the southern
hemisphere

(ii) Caesiun-137

225. Since Py, P.; = 0.2 mrad per mCi km™
(paragraph 190),
Dy ) = 21 mrad in the northern hemisphere
4 mrad in the southern hemisphere

(iii) Carbon-14

226. The total dose commitment from carbon-14 is
estimated from equation (89). The rate of production
of natural carbon-14 is 2.6 10°® atoms per year, and
the amount of carbon-14 injected by tests carried out
up to 1967 is 650 10°¢ atoms so that

650
Dy(w) =v—5g (93)
Since vy, equals 0.7 mrad y? in bone marrow and soft
tissues and 0.9 mrad y* in cells lining bone surfaces
(paragraph 211), the corresponding dose commitments
are 180 and 230 millirads, respectively.

227. The fraction of the dose commitments to be
received by the year 2000 are obtained from equation
(92) and the appropriate values of y,. giving 13 mil-
lirads to bone marrow and soft tissues and 16 millirads
to cells lining bone surfaces.

(iv) Strontium-89

228. Internal doses due to strontium-89 are insig-
nificant compared with those ifrom other sources of
radiation.

(b) External dose commitments
(1) Caesium-137

229, From table XVI, the air-dose-rate conversion
factor for caesium-137 is 0.04 mrad y* per mCi km=2
so that, taking a mean life of caesium-137 of forty-four
years and, as in the 1966 report, a shielding factor
equal to 0.2, the dose-rate factor is 0.35 mrad per
mCi km2 to gonads, bone marrow and cells lining bone
surfaces. The corresponding dose commitments are 36
and 5 millirads in the northern and southern temperate
zones, respectively,

(ii) Short-lived nuclides

230. The external dose commitment from short-lived
nuclides is taken to be equal to that from caesium-137
as found in the 1966 report, The Committee recognizes
that this is an approximation that may over-estimate
the dose commitment from this source.

4. Dose commutments to populations of group I(b)
and group I

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



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

232, Because the difference that this observation
implies between the values of the diet-to-tissue transfer
coefficients of the two populations is not well understood,
there is come doubt concerning predictions of the future
time course of the body burdens, if the present disparity
between the dietary levels of the two groups continues.
However, since future levels must continue to decline,
the levels integrated over future time in group I(b)
populations cannot greatly exceed those predicted for
group I(a), because the rate of decline of levels in
the future cannot be less than that determined by the
rate of radio-active decay. The uncertainty is larger
for strontium-90 since, for caesium-137, a smaller pro-
portion of the total expected dose is yet to be delivered.

233. In the case of Japan, measured levels of both
long-lived nuclides in human tissues have been some-
what lower than those found in the corresponding tissues
of populations belonging to group I(a) in the northern
hemisphere. Thus, the dose commitments for stron-
tium-90 and caesium-137 calculated for group I(a)
populations living in the northern temperate zone
somewhat over-estimate those applicable to Japan. Until
better information is available, therefore. the Com-
mittee is satisfied that the dose commitments calculated
for the northern temperate zone are also applicable
without serious error to populations belonging to
group I(b).

234, Tt is only possible to speculate about the values
of dose commitments to populations belonging to group
II. In its previous reports, the Committee had assumed
that levels of caesium-137 in human tissues would be
proportional to the levels of deposit, though there was
no evidence to support this. Body burdens of stron-
tium-90 were assumed to be proportional to levels of
contamination in food-stuffs, the latter being estimated
from the levels of the deposit using deposit-to-food-stuff
transfer coefficients estimated in the temperate latitudes
and allowing for the different proportions each food-
stuff contributed to the diet. The deposit-to-diet transfer
coefficients for both caesium-137 and strontium-90
may be greater in tropical and subtropical arees than
in the temperate zones because of differences in climate,
soil and agricultural practices. However, in regions
belonging to group 11, the cumulative deposit is smaller
by a factor of between two and ten than it is in the
north temperate zonme. Thus, even though the deposit-
to-diet transfer coefficients for individual food-
stuffs may be several times greater than the correspond-

ing values in the temperate zones, it seems unlikely
that the levels of contamination in group II dietary
components will significantly exceed those observed in
group I(a). When allowance is made for the different
dietary composition, the most pessimistic assumption is
that the levels in whole diet will. at most, be as high
as those observed in eastern European populations.
The Committee believes therefore that the dose com-
mitments estimated for internally deposited strontium-90
and caesium-137 in the northern temperate zone may
be taken as reasonably reliable upper limits for the
group I population,

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

236. The world-wide average dose commitment from
external sources is therefore calculated in the following
way. The distribution of the world population and
fall-out by latitude is given in table XVII, from which
it has been estimated that the mean deposit over the
world surface is 26 mCi km=. Since the population-
weighting factor Z is 1.56 (table XVIII), the average
deposit of strontium-90 weighted by population is 40
mCi km2 and that of caesium-137, after applying the
ratio 1.6 (paragraph 10), 64 mCi km=. Using the
same factors as given in paragraph 227, this cor-
responds to a dose commitment from external cae-
sitm-137 of 23 millirads. The corresponding dose com-
mitment due to short-lived radio-nuclides is also taken
to be 23 millirads (paragraph 230).

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

238. Dose commitments estimated for the north and
south temperate zones, as well as the average for the
world weighted by population are summarized in
table XIX.



‘Tamne I,

(walues in megacuries)

ANNUAL AND CUMULATIVE WORLD-wIDE 998y pgrosiTiont!

Annual deposition

Cumulative deposit

Northern Southern Northern Sosuthern
hemisphere hemisphere Total hemisphere hemssphere Total
I're-1958 1.7 0.6 23
1958 0.74 0.31 1.05 239 0.83 3.22
1959 1.10 0.19 1.29 3.41 0.99 4.40
1960 0.26 0.17 0.43 3.59 1.14 4.73
1961 0.35 0.19 0.54 3.84 1.28 5.12
1962 1.45 0.31 1.76 5.16 155 6.71
1963 2,62 0.33 2,95 7.62 1.84 9.46
1964 1.66 0.44 2.10 9.06 221 11.27
1965 0.78 0.36 1.14 9.61 251 12.12
1966 0.33 0.21 0.54 9.70 2,65 12.35
1967 0.17 0.11 0.28 9.62 269 12,31
TasLg II. 90Sr INVENTORYDY
(values in megacuries)
1963 1964 1965 1964 1967
Mar. July Nov. Mar, July Nov, Mar, July Nov., Mar. July Oct. Jan, Apr. July Oct.
Stratosphere ..o e 6.5 5.1 38 3.0 2.1 1.7 1.3 0.9 0.8 0.6 0.5 0.4 0.3 0.3 0.3 04
Troposphere .......... ... . .. .. 0.5 0.2 0.2 0.4 0.3 0.1 0.2 0.1 0.1 0.1 0.1 0 0 0 0 0
Local falloout ........cc.iiiiiiiiiiiiiannanns 24 24 24 23 2.3 2.3 23 22 22 2.2 22 22 2.1 21 2.1 2.1
Global fall-out .............. .. ............. 7.2 8.7 9.4 929 109 11.2 11.5 11.9 12.1 12.2 12.3 123 12.3 124 124 124
Toran 166 16.4 15.8 15.6 15.6 15.3 15.3 15.1 15.2 15.1 15.1 149 147 14.8 149 14.9
Corrected for decay to March 1963 .......... 16,6 16.5 16.1 16,0 16.1 15.9 16.1 16.0 16.3 16.3 16.4 16.3 16.2 16.3 10.6 16.7




TasLE III. €0Sr aANp 137Cs IN MILK
WSy to calcium ratio 37Cs concentration
(pCig-') (pCi 1)

Region or country 1965 1966 1967 1968 1965 1966 1967 1968 References
Argentina .................. 6.5 52 5.2 38 20 21 11 10 15
Australia .................. 9.2 7 53 47 28 20 15 247-250
Austria ... oo, 31 23 138 70 212,236
Belgium ................... 19 13 73 36 214
Canada .................... 19 13 10 8 108 51 33 25 215-219
Czechoslovakia ............. 18 16 220
Denmark .................. 17 12 8 56 26 14 124,221,222
Faroe Islands .............. 113 73 51 1100 800 586 202-204
Finland .................... 18 13 10 9 190 143 106 78 208,209
France .............vvveen. 28 21 17 14 115 58 29 225,226

30 13 12 130 4 24 227
Germany—Federal Republic of 24 16 12 107 61 223,224
Greenland .................. Dried milk imported from Denmark 205-207
Hawail ...ccooviiiiiiinn... 7 4.3 3 50 25 9 240
Iceland .................... 80 750 210
India ...................... 11 11 24 246,251
Israel ....cooviiieniinnine 3.3 23 20 25 14 11 228,229
Italy ...l 19 13 140 80 230
Jamaica ...l 11 9 270 200 184 240
Japan ....oiiiiiiiee. 15 11 36 231232
Mexico ...l 1.5 55 243
Netherlands ................ 17 15 9 107 43 37 233
New Zealand .............. 12 7.9 6.4 5.2 60 40 31 23 25
Norway ..oovvviivernenenns 40 28 16 11 360 234 181 146 211
Panama .................... 49 4 37 21 22 240
Puerto Rico ................ 8 6 42 21 14 240
Sweden .........iiiinn... 18 13 10 117 71 46 40 234,235
Switzerland ................ 39 28 15 69 28 15 236
Ukrainian Soviet Socialist
Republic ................. 10 8 237
Union of Soviet Socialist Re-
publics ...........iia.... 16 12 8 78 56 127,239
20 16 13 215 S0 51 185
United Arab Republic ....... 15 13 6 242-244
United Kingdom ........... 19 12 9 98 46 20 65,238
United States .............. 14 11 9 57 29 16 240
Alaska .................. 14 12 6 57 34 20 186
Chicago ................. 12 9 8 240
New York City .......... 19 12 10 9 241
San Francisco ............ 9 240
Venezuela ................. 43 4 20 14 9 240




TasrLes IV.

9051 anp 137Cs IN TOTAL DIET

%Sr to calcinm ratio

197Cs daily intake
(»Ci

(pCig-1) pCi d-1)
Region, area or couniry 1965 1966 1967 1968 1965 1966 1967 1968 References
Northern hemisphere
Austria ...oiiiiiiiieiaenn 40 23 231 135 212,236
Denmark  ..oveviriiainn. 23 14 10 193 79 44 124,221,222
Faroe Islands .............. 56 33 2 880 500 480 202-204
Federal Republic of Germany 36 29 25 132 84 223,224
Finland .............cccc... 34 21 340 260 28
France
Paris . .vviiininnennaiians 30 22 19 17 227
Southeast ................ 34 27 22 18 227,252
Greenland ...........cconuue 27 15 9 194 89 297 205-207
India (Tarapur) ............ 24 35 251
Israel ... ...l 22 92 253
Japan (urban) ............. 25 24 18 34 18 14 257
Netherlands ................ 29 21 12 160 87 47 233
NOrway ...coviveeiiinninn 54 38 660 420 28
Sweden .........ieenial.. 32 22 221 132 2
Ukrainian Soviet Socialist 37 42 221 127
Republic .................
Union of Soviet Socialist Re- 63 40 28 236 147 127,128
publics ............. ...
United Arab Republic ...... 45 13 242,244
United Kingdom ............ 18 Survey discontinued 106 236
United States .......... P 4 16 12 105 55 30 240
Alaska .................. 29 29 16 140 240
Chicago ......c..covvvvnen. 19 15 12 130 254,233
Hawaii .................. 21 10 6 65 65 35 240
New York City ........... 24 18 17 14 170 241
San Francisco ............ 1 6 5.3 43 108 241
Southern hemisphere
Argentina .................. 9 7 7 5 24 18 15
Australia .................. 11 7 [ 249
47



TanLe V.

YOSr/Ca RATIOS IN HUMAN BONE

(number of samples in parentheses)

New-born and/

Bone type

Region or conntpy Year or still-born 0-1 year 1 year 2 years 3 years 4 years $-19 years 19 years (adiits) References
Northern hemisphere
Camada ... o 1965 29 74 86 10.0 7.5 6.3 4.0 3.1 Va 260
(]O) (77) (16) A7) (23) (16) (103) (71)
1966 5.7 04 7.1 7.0 4.7 A\ 272
(20) (151) (32) (28) 17) (18) (125) (15)
1967 2.8 4.0 5.4 5.2 6.2 5.0 38 Vv 272
)] (141) (44) (39) (20) (15) (138) (59)
Czechoslovakia ... ... ... .. ... 1965 4.0 5.0 6.9 3.5 4.2 5.5 48 2.2 v 220
37) (51) (10) (5) ) 3) (56) (141
1.7 \' 73
1968 (54)
Denmark ... ... 1965 29 0.6 41 2.7 Vv 221
(14) (25) (ol) (23)
1966 1.9 29 26 3.3 4.6 44 26 vV 222
19 34 @ )] @ (2 (33) (32)
1967 1.8 27 Vv 124
(22) (32) (31) (42)
S 1968 1.2 19 Vv 58
» (10) (51) (19) (34)
Finland ... ... ... ... .. ..... 1965 48 31 2.9 0.65 Te 258
n (19) (41) (47) ]
1966 2.1 24 0.65 T 258
(2 (22) (46) (78)
1968 1.7 0.72 T 258
(10) (14) (23) (131)
Federal Republic of Germany ... 1965 2.5 6.2 5.5 2.7 1.1 T 261
92) (10) ® (13) (43)
1966 2.1 5.1 1.0 T 261
(76) (4) (9) (14) 47)
1967 1.5 29 3.6 0.9 T 201
(116) (15) &) (36) (62)
Trance ... ... . ... .. ..., 1965 292 6.8 7.6 3.3 22 A% 179
(32) (47) (l 'i) (35) (69)
1956 221 2.1 179
(21) (46) (13) (56) (56)
Japan oo 1965 2.2 5.1 2.5 1.0 Re 262
(]2) (13) (27) (20)
1966 0.8 R 262
(3) (35) (27) (23)
Norway ........oiviviiineinns 1965 5.4 114 11.8 7.4 259
(20) (3) ()

P—-—”

an




M rin? 8

\asg

s
1966 3.0 6.3 10,0
(22) (10) ©
1967 44 6.5
(17) (14) (1())
1968 4,2
(34) ) (5)
Poland .........ccoiiiiiial, 1965 6.8 4.0 3.5
@ ) (3
1966 5.0 6.1
6) (2
United Kingdom ............... 1965 2.5 7.1 9,1 6.1 6.8 4.5
(101) (86) an (8) &) (5)
1965 3.0 6.8
(2) (20)
1966 49 6.5 5.6 48 48
(90) 74 (8) (6) (@ (7)
1967 2.2 3.3 48 4.1 23 32
(87) (60) (12) ) 4)) 6)
Union of Soviet Socialist Re-
publics .. ... 1965 3.5 5.0 5.8
(99) (39) (16)
1966 4.1 5.5
(132) (81) (48)
1967 3.0 4.3
~ (94) (51 (45)
ey 1968 26 3.7
(37) )] (16)
United States
New York City, N. Y, ....... 1965 28 5.0 7.0 7.2 6.7 4.1
) (5 (&) (2) () (2)
1966 4.3 7.0 6.2
(80) (2) (3) (1)
1967 4.1 3.2 4.0
) © @ @ )
1968 3.3 3.6
@®) “)
San Francisco, Cal. .......... 1965 1.6 3.3 38 3.1 3.0 1.8
(13) (13) (6) M 3 (5)
1966 23 3.1 38 29 2.7
(18) (14) “4) 2) (4 (3)
1967 0.9 1.6 1.7 1.5
(27) 19 (3) 2) (2)
1968 0.7 1.8 1.7
(20) m (5)
All regions ....vvivvviniininnn. 1965 39 41 48 4.3 3.0
(22) (12) (18) (15) (14)
1966 39 4.1 3.2
) (14) (15) (16) (16)
1967 1.3 3.3 4.6 36 4.5
%) ) %)) (12) (2)

(193)
2.7
(93)

Normalized
to whole
skeleton®

< < < < < < < <

<

259

259
259

263
263

264
264
264
266

178
178
178

178

268
269
270
243

268
269
270
243

186
186
186
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TasLe V. 90S8r/Ca RATIOS IN HUMAN BONE (continued)

(number of samples in parentheses)

New-born and/ Bone type
Region or conuntry Year  orstilhborn  0-1 year 1 year 2 years 3 years 4 years 5-19 years 19 years (adulls) References

Southern hemisphere

Argentina  (littoral area) ... .. 1965 1.6 2.0 2.3 2.0 1.7 1.5 15
(12) (39 6] (5) (4) 12) B
1966 14 20 2.2 20 1.5 1.6 15
(20) (1) (13) (12) (16) (1)
1967 1.5 2.1 20 27 1.6 1.7 15
(#4)) (30) (16) a3 (15) (37)
1968 14 1.5 1.8 2.1 1.9 1.8 15
(48) (49) (15) (am (15) 42)
Australia ... o 1965 14 2.8 34 28 23 25 1.5 0.95 v 247
(53) (121 (23) (13 an ) (102) (460)
1966 1.5 2.0 2.5 27 2.5 2.3 1.5 1.0 \'% 248
(171) (14) (16) ) (10) (78) (381)
1967 1.0 1.3 1.7 2.2 1.8 1.7 1.5 1.0 \'% 249
(65) (120) (18) 8) 8) ) (65) (276)

t V—Vertebrae

b T—Tibiae

¢ R—NRibs

4 F—Femora

® Adult vertebrac (Moscow) for years 1965-1968 were 3.1, 2.7, 2.3 and 1.8 pCi (gCa)-1, respectively.
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TasLe VI, 137Cs onY BURDENS
(pCi (gK)-1)
A—Rody burden

B—Ratio between United States and local values (adjusted, when appropriate, to adult average,
assuming the average ratio between male and female values to be 1.3)

Region, area or country  Latitude Sex 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968  References

Northern hemisphere
United States aver-

aget ........... 30-50°N MF A 31.5 36.5 47.0 57.0 48.0 325 43.0 79.5 140.0 111.5 69.0 41.0 109
. o - A 50 33 38 95 158 135 87 50 29 273
Belgium ........... ~ S0°N ME 104 102 091 120 113 1.21 126 122
Caada (Ottawa) .. ~45°N  MF & 7 274
o A 185 168 107 74 46 127
Denmark .......... 55-60°N MF B 1.32 151 154 181
Federal Republic of
Germany ........ 47-55°N
o C A 28 75 151 114 83 49 117
Karlsruhe ... MF 5 065 094 1.08 1.08 120 120
Nordrhein-West- M A 249 186 128 76 117
falen ........ B 1.55 1.45 1.62 1.64
- . A 152 211 188 150 275-277
Finland ............ ~ 60°N MF B 101 1.51 1.60 218
- o . A 118 227 194 278
France ............. ~ 50°N MF B 1.48 1.62 1.74
Israel ............. ~ 35°N M A 418 279
. . S A 107 280
Italy .............. 40°N MF B 1.35
o - A 93 77 54 281-282
_45°N IF
Japan ... ... 30-45°N ME B 0.58 0.60 0.68
) . S A 430 290 28
Norway ........... ~ 60°N MF B 3.85 4.20
. i A 157 164 185 71 263,283
Poland ............ 50-55°N MF B .98 117 1.66 1.73
R apie A 74 68 54 45 111 205 187 139 107 74 284 285
Sweden ............ ~60°N ME 3 1.30 142 1.66 105 140 1.46 1.68 202 261
. \ e A 185 161 92 50 116
Switzerland ........ ~ 50°N M1 n 1.32 1.44 1.33 1.22
Union of Soviet So-
cialist Republics ..
o A 181 258 286
Moscow ....... ~ 55°N M B 228 1.84
— : A 145 174 142 92 68 115,287
Leningrad .. .. Mi B 1.83 1.24 1.27 1.33 1.66
United Araly Re-
public .......... ~ 30°N A 23.5 14.5 288



Tagee V1. 397Cs pony surnexs (continued)

Region, aven or conntry  Latitude Sex 1956 1987 1958 19859 1940 1961 1952 1963 1964 965 1946 1967 1968 References
. . . ont o A 32 37 48 58 49 36 35 81 185 150 77 38 289,290
United Kingdom ... 50-60°N ME 1.02 1.01 102 12 12 L 081 102 LI 1.35 L 093
. . ong A 38 57 50 33 44 92 149 109 60 33 118
United Kingdont . 50-60°N B 1.32 L1317 LI L1513l 1.21 110 099 092
. . - ¢ A 148 39 45 118
United Kingdom .., 56-60°N M B 1.16 1.12 0.96
Subarctic regions®
Alaska  (Anaktovuk
Pass) ..., O5-70° N MOOA 3000 4 500 9 100 G 600 4904 4 300 201,202
Capada ..... ..... 60-7U°N
(Eastern  Arctic
Iskimos) . M A 5800 293
(Central  Arclic
skimos) M A 11 000 293
Finfand ... ...... 65-70°N
Retndeer bhreeders,
Tapland .. .. MOA 3 600 4600 8900 10 300 8 900 6300 5900 131
Union of Soviet So-
& cialist  Republics 65-70°N
(Reindeer breed- 11000 132
ers, Nenels dis-
trict) ... MNOA
Southernt hemisphere
Argentina ..., ... .. 30-40°S A 31 20 16 13
Australia ..., ... ... 30-40°S A 65 42 37 18 294

* Average bedy burdens for the years 1953, 1954 and 1955 were 2.0, 7.0 and 145 pCi (gK)-1,
b Average spring to summer values for groups largely subsisting on reindeer or caribou meat,



TasLE VII, 131] 1N MILK AND THYROID DOSES

Time integial of ¥11 Integrated thyroid
conceniration in milk doses to nfants
(pCid1-1) (mrad)
Region, ares or counsry 1966 1967 1968 1966 1967 1968 References

Argentina

Bariloche ... 7602 1392 38 16 13

Buenos Aires ........ccoovnen 26 993 4346 2477 312 50 29 15

Salta .....iiii 15028 1800 174 21 15
Australia

Malanda (Highest) ........... 11 000 10 360 4540 127 120 33 2

Hobart-Launceston (Lowest) .. 1500 380 790 17 4 9 22
Chile (Santiago) ........c.o...n.- 4000 46 g <10 14,203
Colombia (Bogota) ............. 400 5 5 <10 14,295
Ecuador (Quito) ............... 23500 29 <10 14,205
Fiji (Suva) ...ooovviiiiiiinnan 12 600-15 000 146-174 23
Madagascar (Diego Suarez) .... 13000 6500 150 22 80 14,295
New Zealand .........ccooieen. 1000 12 23
Pern

Lima .. 6000 4000 70 23 50 14,283

Tacna ..o 120
Society Islands

(Papeete, Tahiti 1) .......... 53 203
Western Samoa (Apia) ......... > 7300 > 84 23

Taste VIII. RELATIVE DISTRIBUTION OF 90Sy IN ADULT SKELETON
A — samples not necessarily taken from same individuals

Femur
Vertebrae  Ribs  diaphyses Vertebrae
Vertebrae Number
Whole Whole Whole —————— Femur 0
Date skeleton skeleton  skeleton Ribs diaphyses samples References
1956 ....... TSRS 34 15 08 23 43 2 177
1957 oo 1.8 1.1 0.5 1.6 3.6 9 177
1958/1939 . ...l 21 14 0.45 1.5 47 59 177
1939 — — — 2.1 5.6 11 296
1961 .. —_ — — 1.6 3.1 4 296
1963 ©ooeee — — — 14 — A 179
0 1.5 1.0 0.3 15 3.1 A 74
1964 ... —_— — 1.4 — A 179
1863 i — — — 1.7 —_ A 179
1963 oo — — — 1.7 4.7 A 74
1966 ... —_ — 1.4 —_ A 179
1967 .o 1.9 0.75 0.6 2.5 29 40 74
1968 . — — — — 2.7 54 73
TapLe IN. BoONE/DIET OBSERVED RATIOS
Regton or country Observed ratio References
Australla ... 0.33 s
Canada ...t e 0.24-0.26 305
Denmark ....oiiiiii e 0.33 b
Japan L e 0.13-0.16 306,307
Union of Soviet Socialist Republics (Moscow) ........ 0.20 88
United Kingdom .................... e 0.23-0.25 308,309
United States ... ittt 0.18 310
0.16-0.20 311
CRICAZO - et e 0.15 312
New York City ... oiiii i 0.17 312
San Franciseo .......oviviiniiier i, 0.22 312

a Calculated from data published in references 247-249, 297-303.
b Stable strontium in diet from reference 176 and in bone from reference 304.

a3



TaBLe X. AXNNUAL AVERAGE 90Sr/Ca RATIOS IN MILK BY COUNTRY OR AREA IN THE NORTH TEMPERATE ZONE
pCi (gCa)2
Country or area
Federal United States of America
Republic
cecho- of Uksai- United New
slova- Den- Ger- Fin- Nether- stan USSR King- Whole York Salt Lake
Year Canada®® kig>®  mark!™ many?!? land™ France®!t lands’% SSR™T  Moscow® domi®® Country'® Chicago®® City8® Cityl®  Mean
1955 ....... — — — 3 — — — — — 4 — — — — 3.5
1956 ....... — — — 4 — — — — — 6 — — — — 3.0
1957 ....... — — — 6 — — — — — 6 — — 5 4 5.3
1958 ....... — — — 5 — — — — — 7 — 7 8 4 62
1959 ....... — — 9 9 — — — —_ 3 10 — 7 11 6 8.5
1960 ....... — — 4 7 7 — — — 6 6 — 8 8 6 6.5
1961 ....... — — 4 6 6 — — — 4 6 7 6 7 4 5.6
1962 ....... — — 12 11 i3 — 9 — 13 12 11 9 12 8 11.0
1963 ....... 26 21 24 26 22 — 25 27 23 26 19 17 26 19 232
1964 ....... 28 20 235 27 23 — 22 20 18 28 19 16 23 23 22,5
1965 ....... 19 18 17 24 18 24 17 1 14 19 14 12 19 17 17.4
1966 ....... 13 12 12 16 13 19 15 9 15 12 11 9 12 10 12.7
1967 ....... 10 — 9 12 10 14 9 — 8 9 9 8 10 5 9.4
1968 ....... 8 — — — 9 12 — — — — — — — — —
Total 1955-1967 137
Taste XI. Rartio oF #9Sr/Ca RATIOS IN WHOLE DIET AND IN MILE236
Mean for

Country 1963 1964 1965 1966 1967 19631967

Argentina .................. .. 18 1.5 1.3 1.3 1.3 1.4

Australia ... ...l 1.1 1.0 0.9 0.9 1.2 1.0

Denmark ........ocovviiiiiiiiiann 1.3 1.7 1.3 1.2 1.2 14

Federal Republic of Germany ...... 1.3 1.6 1.7 1.8 — 1.6

Finland .......... .0 — — 1.8 1.6 — 1.7 .

France .........coiiiiiiiiiiiinn, — — — 1.0 1.3 1.2

NOIWaY tietiineinrieeinnenneanss — — 1.3 1.3 — 1.3

Sweden ...l — — 14 1.5 — 1.5

United Kingdom ................... 09 09 1.0 — — 0.9

United States ..................... 12 14 1.4 14 1.5 14

Hawaii ....ocovvvvviiiiiiiina.. 1.6 22 3.5 2.1 20 23

India ..., — — — 3.6 — 3.6

Japan ... i, 21 2.2 23 23 — 22

Union of Soviet Socialist Republics .. 23 31 3.7 3.0 — 3.0

TapLe XII. ESTIMATION OF P,; FROM BONE MEASUREMENTS IN AUSTRALIA®

Year (t) 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967
Population average #0Sr/Ca ratio .. .26 28 19 30 32 63 .66 76 84 1.21 126
Levels integrated to year t—I: G,_, .26 54 73 1.03 1.35 1.98 2.64 340 4.24 545 6.71
Levels integrated from ¢ to oo : H,.. 1.63 1.92 122 19 214 445 464 530 i 840 88 831
Gy, + H, ............. ... . 1.63 218 1.76 264 3.17 5.80 6.62 7.94 9.23 1264 1432 1502
Dietary level integrated to t ....... 4.5 8.3 124 172 216 26.3 32.1 385 47.6 383 65.5 71.5
Py, .36 .26 14 RE RE] 22 21 21 19 22 22 21

a From data given in references 247-249, 297-303.
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Tawve XIIT, EstIMATION oF P,, FROM BONE MEASUREMENTS IN NORTH TEMPERATE LATITUDES®

Year (t) 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 1945 1946 1967 1968
Population average "S8r/Ca ratio 0 0.17 0.28 0.44 0.65 0.70 1.01 1.21 1.32 1.73 2.88 3.33 278 232 1.92
Levels integrated to year t—1: Gy, i} 0 0.17 0.45 0.89 1.54 2.33 3.34 4,55 5.87 7.60 10,48 1381 16.59 18.91
Levels integrated from f to oo: H, 0 1.14 1.89 3.00 4.23 5.46 7.10 8.60 9.42 11.95 19.57 23.06 1991 16.73 13.92
Gal-H_, ... ................ 0 1.14 2.06 3.45 512 7.00 9.43 11,94 15.97 17.82 27.17 33.54 33.72 33.32 32.83
l.evels in diet? integrated to ¢ .. .. — 4,90 11.90 19.30 28.00 40.00 49,00 57.00 72.50 104.50 135.30 158.50 175.90 188.10 200.00
— 0.23 0.17 0.18 0.19 0.18 0.19 0.21 0.19 0.17 0.20 0.21 0.19 0,18 0.16

a I'rom data given in figure 17,
b Dietary levels obtained from milk levels (table X) multiplied by 1.4.

TapLe X1V, VALUES oF D,

/Dot FOR CORTICAL AND TRABECULAR BONE IN ADULT SKELETON?17

Trabecular bonte Cortical ot
i Marrow Mean Murrow
Fraction Mean e . fraction, -
Gr Basi b becular 5 fraction, 5 Cortical 5
’bao‘;l!:'::"f calf‘f;llsagzu i;olz'o!g"elfl cjo-;?r;%ﬁigg):l D,,,/Do m mem/Do Cong;z‘b'ul;ion ‘D,,,/Du f‘” fm“m/nn

Iip bone 0.6 0.189 0.1134 0.0326 0.051 0.0306 0.0088
Scapulae Hip bone 0.287 A 0.287
Clavicles 04 0.114 0.0456 0.0131 0.072 00,0288 0.0083
Crantom Cranium 1.0 0.120 0.1200 0.119 0.0143 0.272 0.2720 0.110 0.032.
Ribs
Mandible Rihs 1.0 0.138 0,1380 0.114 0.0157 0.136 0.1360 0114 (LO1RS
Sternum
Humeri 0.53 0.161 0.0853 0.0049 0 0

Femur 0.057 0.057
FFemora 0.47 0.134 0.0630 0.0036 0,060 0.0282 0.0016
Vertebrae

Lumbar 1.0 0.124 0.124 0.423 0.0525 0 0 0.423 0

vertebra
Sucrum .

Torarn 0.1367 Toran 0.0606
8 1, is the dose rate to a very small tissue-filled cavity. It is usually taken to be 2.7 mrads y-1 per pCi (gCu)-! and that from strontium-9) in cortical hone is 0.0666

mrads y-1 per pCi (gCa)=1. D,, is the mean dose rate to the hone marrow. Therefore, the 2.7 =0.18 mrad y-1 per pCi (gCa)-!'.

bone marrow dose rate factor due to strontium-90 in trabecular bone is 0.1367 2.7 =0.37



Tase XV. VALUEs OF D,/D# FOR CORTICAL AND TRABECULAR BONE IN ADULT SKELETON317

Trabecular bone

Cortical bone

Frac-
Basis  tion of
s Endostecl Endosteal
of Mean . Mean :
4 2 fraction, — . . froction, _

G’b‘:";’eft Of L‘Gglg:fd- ﬂ;ﬁwd tf”l‘?bﬂebci:“l:;:l Dg/Da F] f‘D./Do coftmg'lon Dl/Do fs f.D‘/Do
Hip bone 0.6 0.299 0.179 0.0545 0.051 0.0306 0.0093
Scapulae Hip bone 0.304 0.304
Clavicles 0.4 0.238 0.095 0.0288 0.072 0.0288 0.0088
Cranium Cranium 1.0 0.200 0.200 0.140 0.0280 0.272 0.272 0.140 0.0381
Ribs
Mandible Ribs 1.0 0.229 0.229 0.134 0.0307 0.136 0.136 0.134 0.0182
Sternum
Humeri 0.53 0.284 0.150 0.0090 0 0 0

Femur 0.060 0.060
Femora 0.47 0.256 0.120 0.0072 0.060 0.0282 0.0017
Vertebrae

Lumbar 2

vertebra 0.258 0.258 0.362 0.0934 0 0 0.362 0
Sacrum

ToraL 0.2516

TortaL 0.0761

a D, is the dose rate to a very small tissue-filled cavity. It is usuvally taken to be 2.7 mrads y~! per pCi (gCa)-1.D, is the
mean dose rate to the endosteal tissues on the surface of the trabeculae. Therefore, the dose-rate factor to ceils lining bone sur-
faces due to strontium-90 in trabecular bone is 0.2516 2.7 = 0.683 mrads y~! per pCi (gCa)-! and that from strontium-90 in cortical

bone is 0.0761 2.7 =

0.21 mrads y-? per pCi (gCa)-l.

TABLE XVI. AIR-DOSE CONVERSION FACTORS FOR A PLANE SOURCE13S

WCs B Cs MRy 158h “Mn 87y usBg uIcC, IRy
Dose-rate conversion factor .
K; Bp mrad yt per mCi  0.079 0.006 0.032 0.063 0.109 0.358 0.349 0.009 0.073
|37 ) -
Mean life T,,; years ........ 44,0 1.13 144 3.90 1.24 0.257 0.051 0.129 0.157
.................. 348 0.007 0.05 0.25 0.14 0.09 0.02 0.001 0.011

KJ BJ TMJ

a The conversion factors include dose contributions from daughter

TasLE XVIIL,

nuclides.

LATITUDINAL POPULATION AND FALL-OUT DISTRIBUTIONGO, 315

Total Sy Cumulative Sy  Total ®Sr
. deposition deposition deposition
Area Populstion 1964-1967 to 1967 1966-mid-1968

Lazitude (Mm?) (Per cent) {mCi km-7) (mCi km-2 (mCi km-%)
70-80°N ............ 11.6 17
60-70°N ............ 189 04 88 26.1 3.5
50-60°N ............ 25.6 119 18.9 63.8 49
40-50°N ............ 3L5 177 20.1 66.6 10.5
30-40°N ............ 36.4 234 14.6 42.4 9.2
20-30°N ............ 40.2 25.2 11.1 34.0 7.6
10-20°N ............ 428 8.4 89 9.1 42
0-10°N ............ 44.1 4.0 5.7 47 36
0-10°S ............ 4.1 42 3.5 9.4 3.8
10-20°S ............ 42.8 1.7 29 6.4 14.1
20-30°S ............ 40.2 1.5 3.1 8.1 30.7
3040°S ... 36.4 14 6.2 13.6 19.7
40-30°S .......... . 31.5 0.1 7.6 13.6 11.9
50-60°S ............ 25.6 1.8

56

-



TasLe XVIII. ESTIMATES OF FACTOR Z

%S¢ cunnulative SSr 1966-
05 1964-1067 to 1967 mid-1968
Mean deposition, F
(mCi km~=) 11.3 420 6.3
Northern hemisphere SNF/IN, 143 428 7.8
zZ 1.24 1.02 1.24
Mean deposition, £
(mCi km-2) 44 9.0 12.3
Southern hemisphere SN F/IN 42 9.3 129
z 0.95 1.04 1.04
Mean deposition, F
(mCi km-2) 7.9 25.5 9.3
Global SN F /SN, 134 398 8.3
Z 1.69 1.56 0.89

TasLe XIX. DosSE COMMITMENTS FROM NUCLEAR TESTS CARRIED OUT BEFORE 1968

Dose commitments (mrad)

Present estimates 1966 Estimates
North South
temperaie temperate
Tissuc Source of radiatior. sone cone Whole world Whole world
Gonads ....... ... ... External Short-lived 36 8 23 23
137Cs 36 8 23 25
Internal 137Cs 21 4 2]e 15
14 13 13 13 13
Torare 110 33 80 76
Cells lining bone surfaces ................ External Short-lived 36 8 23 23
137Cs 36 8 23 25
Internal 90Sr 130 28 130a 136
137Cy 21 4 2]a 15
14Cb 16 16 16 20
895r <1 <1 <1 0.3
ToraL® 240 66 220 240
Bone marrow ........... e External Short-lived 36 8 23 23
17Cs 36 8 23 25
Internal 208y 64 14 641 78
137Cs 21 4 212 15
14Chb 13 13 13 13
895y <1 <1 <1 0.15
ToraLe 170 51 140 130

2 The dose commitments to internally deposited 99Sr and !37Cs given for the north temperate zone are considered to represent

upper limits of the corresponding dose commitments to the world population.

b As in the 1964 and 1966 reports, only the doses accumulated up to year 2000 are given for 1#C; at that time, the doses from
the other nuclides will have essentially been delivered in full. The total dose commitment to the gonads and bone marrow due
to the 14C {rom tests up to the end of 1967 is about 180 mrads, and that to cells lining bone surfaces is about 230 mrads.

¢ Totals have been rounded off to two sigmificant figures.
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I. Introduction

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

2. The effects of radiation on the nervous system

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

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

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

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

6. In this review, radiation-induced changes will be
primarily considered from the point of view of the re-
sulting prolonged impairment of the functional integrity



of the individual, While this review deals with effects
of both high and low doses. it is in the low dose range
that results are particularly emphasized, for it is in
this range that the population is exposed. As in earlier
reports of the Comumittee, doses of 50 rads and less are
considered to be low, The distinction between high and
low doses is merely intended to separate by means of
an arbitrary cut-off point doses which are likely to
produce early clinical (so-called acute) effects from
those that do not.

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

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

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

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

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

II. Effects on the developing nervous system?®

A, EXPERIMENTAL RESULTS

1. Structural changes

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

a The main stages in the development of the nervous system
are the following:2. 3

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

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

(c) Period of rapid myclination. Electrical activity can now
be detected in the brain. Growth of cells is considerably lower
than it was previously. This period extends from ten :0 about
twenty days aiter birth in the rat and from birth to 120 days
later in man.

(d) Period of slowver anyclination, It is difficult to determine
exactly when this final period begins and ends. In the rat,
myelination ends between five and six weeks of age and, in
mamn, between five and ten years of age.
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of the embryo, Because different primordia and anlagen
of the various parts of the nervous system follow dif-
fering patterns of mitotic activity, the ultimate outcome
of the irradiation varies not only with dose but also
with time of exposure.* As differentiation proceeds
and less and less cells are dividing. the resistance of the
various structures of the nervous system increases.
Eventually, mature neurons can usually absorb a dose
of at least 1.000 rads without apparent structural
damage.

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

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

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

16. While most investigators agree that malforma-
tions can only be induced during major organogenesis,
there have been reports!® ! of exencephaly being in-
duced by doses of 13 rads given 0.5 and 1.5 days
after conception. The occurrence of exencephaly after
irradiation at that early stage, however, appears to be
a rare and erratic phenomenon for which no clear dose-
effect relationship has been demonstrated so far. Exen-
cephaly has been observed to arise spontaneously in
some strains of mice, and there is some indication that
its incidence may show seasonal fluctuations.!? Larger
and strictly controlled experiments must be performed
before the view can be accepted that irradiation in the
pre-implantation period brings about major malforma-
tions involving the nervous system,

17. In rats. formation of the nervous system begins
on the tenth day after conception. Results of in wutero

irradiation are basically similar in all strains investi-
gated. A dose of 200 rads given on the eighth day kills
the embryo, whereas lower doses neither kill the em-
bryo nor produce maliormations. With 100 rads on
the ninth day, severe malformations of the forebrain
and upper head (anencephaly, pseudoencephaly) and
eve malformations (anophthalmia) may be observed.
Some malformations occur even after 50 rads, but
only eye anomalies a; 25 rads. The effects are less
on the tenth day, though anophthalmia is still observed
at 100 rads. Irradiation (200 rad) on the eleventh
day gives rise to a high frequency of hydrocephalus
with dorsal encephalocele of the third ventricle.’31*

18. Between the twelfth and the twentieth day
after conception, doses of 200 rads produce a varying
degree of reduction of the size of the forebrain accom-
panied by hypoplasia and disorganization of the cortical
neuron layers.!® 1% Absence or abnormalities of the
corpus callosum may occur after irradiation between
the twelfth and the eighteenth day, and the presence
of aberrant thalamo-cortical fibres is particularly evi-
dent in animals irradiated on the sixteenth and seven-
teenth days. Irradiation from the eighteenth day on-
wards, and well into the first week after birth, may
produce major disturbances in the development of the
cerebellum that affect its size and the proportion of
its various parts and that disrupt the orderliness of
its cellular structures.®®

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

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

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

2. Functional changes

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

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

24. These changes in the wave spectrum may reflect
structural disturbances in the different parts of the ner-
vous system during corresponding stages of embryo-
genesis. In general, low-frequency waves reflect ac-
tivity of subcortical structures, whereas high-frequency
waves reflect activity of cortical structures, Since radia-
tion in the middle of the gestation period has more pro-
found effects on subcortical than on cortical structures,
the electro-physiological changes seem to be correlated
with the morphological changes.

25. Electro-encephalograms and electro-corticograms
have been recorded in rats given 200 rads on the
seventeenth. nineteenth or twenty-first day of gesta-
tion, or on the third day post-natally.®* Such pre-
natally irradieted animals when at rest exhibit a rela-
tively high frequency of “spiky’ waves. This may be
attributed to impairment or absence of the outer cortical
layers which are usually linked with the thalamus and
which inhibit thalamic discharges., Amplitudes, both in
the electro-encephalogram and in the electro-corticogram.
are somewhat smaller than in normal animals. In the
exposed animals, auditory stimulation blocks less readily
the large-amplitude slow-wave activity. Animals irra-
diated post-natally do not differ from controls. On the

whole, the changes in electro-cortical activity are less
marked than the structural damage. On the other hand,
no electro-encephalographic abnormality has been ob-
served two weeks after birth in rats that had received
100 rads nine days after conception.®

26. The auditory threshold for sound-stimulated
seizures has been shown to be lowered in rats that
received x-ray doses of 25 to 100 rads between the fif-
teenth and the twentieth day of gestation,®® whereas
doses of 5 to 15 rads did not change susceptibility2”
Studies with electro-convulsive shock have produced
results similar to those obtained with auditory stimula-
tion. Rats which have received 100 rads on the four-
teenth day of gestation show an earlier response and a
lowered threshold for shock-stimulated seizure. The
results may be ascribed to impairment of inhibitory
elements in subcortical areas,

27. Motor reflexes in rats are also affected by pre-
natal x irradiation. In animals irradiated on the tenth
day of gestation, 20 rads are ineffective, but 100 rads
induce ataxia. In addition, righting reflexes are affected
in female animals, while males exhibit myoclonus. Both
males and females that have received 185 rads on the
fifteenth day of gestation show deficits in righting and
hopping reflexes, as well as ataxia, mvoclonus, spas-
ticity, seizures and other neurological motor defects.?8
Various locomotor tests have also demonstrated deficits
in animals receiving doses of 50 rads or more pre-
natally and early post-natally.?® 3¢ In general. the
deficit is directly related to the dose and, between
the fifteenth day of gestation and the first few post-
natal days, is less pronounced the later the exposure.
Attempts to correlate the motor deficits with cerebellar
damage have yielded ambiguous results3! Tests of
motor performance have involved non-motor nervous
activity, thus complicating the problem of finding simple
correlations between structure and function. It has
also been shown that fractionated daily exposure
throughout pregnancy (1 to 2 rad per day) reduces
locomotor activity.®*

28. Different measurement techniques used by a
number of investigators have shown that rats receiv-
ing from 20 to 200 rads between the thirteenth day
of gestation and birth show hyperactivity when placed
in novel environments.*% 3335 Although the minimal
effective dose depends on the measurement technique
used, it clearly varies with the age at the time of
exposure. When irradiated animals become familiar
with the situation. they do not differ from controls.
Hyperactivity is part of a general syndrome seen in
pre-natally irradiated rats and mice, which may be
defined as increased arousal by novel stimuli. It mani-
fests itself in increased, non-directed, locomotor acti-
vity and slower specific response to novel stimuli3*
more rapid conditioning in simple aversive situa-
tions,3% 37 increased heart-rate reactivity 3t slower adap-
tation to food-and-water-deprivation schedules*® and
slower adaptaiion to the environment.3®

29. While most investigations reveal increased ap-
prehensiveness and restlessness in animals thus irra-
diated, negative findings have been reported aifter 150
rads on the thirteenth or fourteenth day of gestation.®

30. Behavioural alterations in rats are also ap-
parent from studies of brightness-discrimination learn-
ing which has been reported to be reduced at six
months of age after some 150 rads on the fourteenth
day of gestation and after 300 rads on the eighteenth
day.*® Likewise, olfactory discrimination is drastically




reduced in rats after 200 rads of x rays on the sixteenth
day of gestation* and distance discrimination after
100 rads.*® Performance of visual pattern discrimina-
tions, on the other hand. appears to be unaffected by
150 to 200 rads. as tested on the thirieenth. fifteenth,
seventeenth or nineteenth day of gestation despite the
major cyto-architectural alterations present in the cor-
tex.?

31. Alterations of maze performance after pre-natal
irradiation have been reported from a number of la-
boratories. Though niost investigations show a deficient
response {as measured by learning time and the num-
ber of errors in selecting alternative routes) in rats
that have received 100 rads or more during the second
and third week of gestation,*3 ** as well as in rats ir-
radiated during the first few days after birth,*> there
have been observations®® of improved performance after
in utero exposure, particularly in females.

32. The effects of pre-natal irradiation on learning
processes are also shown by studies on the acquisition
and consolidation of conditioned reflexes, Most of the
investigations used light and sound as stimuli for con-
ditioning rats to perform a mechanical operation, such
as opening a gate, necessary to obtain food, While 200
rads on the fifth day after conception failed to produce
significant changes in the conditioned performance,*
irradiation on the twelfth day altered significantly most
of the indices by which it was assessed. Thus. the con-
solidation of a negative conditioned reflex after the
positive one had been established was significantly ac-
celerated after 30 rads, but delayed after 100 and 200
rads, as compared with unirradiated controls. In gen-
eral, the alteration of the conditioned reflex activity
became greater with increasing dose.*”

33. Study of the conditioned reflexes at various ages
showed progressive deterioration of the reflexes in
animals given 50 and 150 rads on the fourteenth day
after conception, the impairment being more pro-
nounced among more highly irradiated animals.*8 Sim-
ilar observations were made on animals receiving 10
rads per day during the first twenty days after con-
ception.#®

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

35. Alteration of formation and consolidation of con-
ditioned reflexes has been reported after a total dose
of 20 rads fractionated (1 rad per day) over most of
pre-natal life3? Effects have also been observed after
a single dose of 1 rad to the exteriorized uterus on the
eighteenth day after conception®® % in the course of a
highly complex experiment involving a number of dif-
ferent light and sound stimuli. Differences between
irradiated and control rats, as judged by some of the
indicators of conditioned reflex activity, such as latent
period and intensity and duration of responses, were
small but significant. The experiment is the only one
showing effects at such a low dose level. Further inves-
tigations seem to be required before the functional
change due to acute pre-natal exposure to very low
doses of radiation can be properly assessed.
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36. In summary, even when gross structural mal-
formations are absent, functional and behavioural dis-
turbances. particularly of the learning processes, are
consistently seen after birth in animals exposed pre-
natally to high doses of radiation at an appropriate
time. These observations are not very surprising in
view of the histological changes that high doses of
radiation consistently produce in the developing brain.
However, clear-cut correlations between the various
functional disturbances and morphological malformations
have not been established. Although there is extensive
literature on both structural disturbances and func-
tional changes. few attempts have been made to inte-
grate the two lines of research.

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

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

B. EFFECTS IN MAN
1. Pre-natal irradiation

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

40. The various reviews of the literature made in
the 1920s and 1930s largely overlapped each other,53-35
Additional cases were surveyed in a recent review.50
The most informative analysis of the published cases
of pre-natal irradiation®™3® compared the offspring of
women irradiated during pregnancy with the offspring
of women irradiated before pregnancy. The latter group
comprised 417 live-born among whom three had devel-
opmental defects involving the nervous system (one
born with exposed brain and two recorded as “‘micro-
cephalic mongol” and “hydrocephalic mongol”, respec-
tively). Among the seventy-five children of women
irradiated during pregnancy, eighteen were reported to
be microcephalic, four had other forms of severe distur-
bances of the central nervous system and one had devel-
opmental defects, mostly skeletal, involving the head.

41. The proportion of offspring with defects of the
central nervous system was therefore far higher after
in utero than after pre-conception irradiation. While



no microcephalics were observed in the group irradiated
before conception, nearly 80 per cent of the malformed
children irradiated in utero were microcephalics. One
of the microcephalic children was reported as “mon-
goloid” and most of them as “idiots” or “imbeciles”.
In most cases, microcephaly was associated with eye
troubles of various grades of severity, including two
cases of amaurosis.%

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

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

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

45. Head size and mental retardation were first
recorded at Nagasaki in 1951, subsequently at Hiro-
shima when the children were nine years old®® and
again at Nagasaki when the children were between
thirteen and fifteen years of age.®® % The results of
surveys made at seventeen and twenty years of
age®®%7 have now become available. They include 1,613
children, or about 16 per cent of all the live-born in
both cities that were i1 ufero at the time of bombing.

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

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

b The Nagasaki data in tables I and II differ in two respects
from those originally published: (e¢) comparison with other
sources indicates that, at Nagasaki, a case of mental retardation
that was assigned a distance of 1.7 kilometres actually belonged
to the proximal group, as shown in the present tables; (&) the
original tables were inconsistent with each other with regard to
the total number of individuals exposed in the proximal and
distal groups at Nagasaki. This inconsistency has been removed
in tke present tabulation.68

between prevalence, on the one hand, and both distance
from the hypocentre and the age of the foetus at the
time of irradiation, on the other. The tables do not
contain data on the offspring of women between 2.0
and 3.0 kilometres from the hypocentre, as these were
not included in the survey.

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

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

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

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

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

¢ When “explained” cases are excluded, the prevalence in the
distal group at Hiroshima is about nine times that in the Hiro-
shima controls born during the same five-month interval (com-
prising three cases of mental retardation among 171 exposed
as against one among 532 controls), but the ratio is reduced to
between three and four if controls are broadened to include
those in both cities, regardless of month of birth, “explained”
cases still being excluded.




53. Similar calculations based on data from the
distal groups mentioned in paragraph 49 might indicate
a similar magnitude of effect, but no firm conclusions
indicating possible effects of low doses can be drawn
from this information., In this instance. the observed
frequencies are small and therefore exposed to wide
sampling fluctuations, and any conclusions are also
particularly susceptible to other difficulties common to
epidemiological surveys.

54. The prevalences of mental retardation shown by
the surveys are not to be read as true rates of induc-
tion without further qualifications, They are frequencies
observed among conceptuses that have survived intra-
uterine life and early childhood until they were
recorded in surveys. For further enlightenment on this
point, the results of surveys of mortality in live-born
children who were in utero at the time of bombing®" 70
and early data from Nagasaki® giving information on
feetal mortality in relation to distance have been con-
sulted. The evidence available from these sources indicates
that ignoring fcetal mortality does not entail an over-
or underestimate of the rate of induction by more
than 25 per cent in the proximal group and that it
induces no bias in the distal group. There is only a
suggestion of a higher mortality among retarded chil-
dren with reduced head size at Hiroshima than among
controls, but certainly no more than a minor correc-
tion in prevalence rates would seem to be indicated.

55. Recent data®® have been supplied to the Com-
mittee, which take into account actual estimates of
doses? to the individuals shown in tables I and II.
This information is given according to dosage groups,
but not according to month of birth, and is presented
in table V.

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

57. Tt is of interest to compare these observations
with those on leukemia induction rates during a
twelve-year period (1947-1938) among the survivors
of post-natal irradiation at all ages in the two cities.™
These figures are given in table VI. On the other hand,
mortality and morbidity surveys at Hiroshima and
Nagasaki have failed to show any increased prevalence
of leukeemia™ or neoplasms,™ even among the groups
more heavily irradiated in wufero, in striking contrast
with the rise in mental retardation and reduced head
size observed even in lightly exposed groups. Such a
discrepancy is unlikely to be accounted for by differ-

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

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

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

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

61. Mental retardation is not the only serious effect
in the nervous tissue that is associated with pre-natal
irradiation. Increased frequency of in utero irradiation
for medical reasons among children dying of malignan-
cies of the nervous system compared to controls has
been observed in two surveys. Both were retrospective,
but one’® relied on the memory of the mothers of
the deceased children, whereas the other’™ took ad-
vantage of information from hospital records. The
observed excess in the latter survey indicates that the
incidence of malignancies of the nervous system is
about 40 per cent higher among irradiated children
than among those that were not irradiated—a relative
risk close to that observed for leukzmias in the same

survey.



62. As with all medical surveys, the possibility
cannot be excluded that the increased radiation risks
may be, at least in part, spurious, since there is no
way to separate the effect of radiation as such from
that of the maternal condition that may have prompted
the exposure. Average doses to the feetuses are un-
known but are unlikely to have been higher than 5
rads. Because the surveys are retrospective, rates of
induction cannot be given in absolute terms without
making assumptions with regard to the prevalence of
nervous tissue neoplasms among non-irradiated chil-
dren. Information is insufficient to ascertain the critical
period for the induction of nervous tissue malignancies,

63. No excess of these malignancies has been re-
ported in subjects irradiated in utero at Hiroshima
and Nagasaki.’® The number of subjects so exposed
was too small, however, for increases of tumours of
the nervous system to have been detected in those
populations, unless the rates of induction had been
much higher than the surveys previously referred to
suggest.

2. Irradiation during childhood

64. Irradiation of children during the first years of
life has been reported to result in a number of func-
tional effects.”® Thus, deep somnolence lasting for up
to fourteen days and arising from six to eight weeks
after irradiation of the scalp for epilation purposes (70
kVp x rays, 5 mA, 0.5 mm Al 26 cm focal distance,
13 min exposure) was observed in thirty among 1,100
children so treated.”

63. Investigations® of another group of children
treated with high cumulative doses (up to several
kilorads) for hamangiomas and for various neoplastic
conditions between birth and thirteen years of age
showed a high frequency of functional changes that
were observed two to seven years after irradiation.
Seventy children underwent electro-encephalographic
tests which showed local or generalized alterations in
fifty cases. These alterations consisted of a general re-
duction of amplitude of the bio-electric activity of the
brain and, in fifteen patients, of rhythm changes in the
electro-encephalogram. Locally, those alterations were
more pronounced when irradiation had been localized
to part of the brain. Bradycardia and hypotension were
present in 50 per cent of the children that had received
irradiation to the head alone. Similar incidences were
reported by other authors.8l: &

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

67. Increased incidence of tumours of the nervous
system within the radiation field (three neurilemmomas.
one neurogenic sarcoma and one tumour of basal
ganglion in 36,000 man-years, against one astrocytoma
and one brain tumour of unspecified type in 34,000
man-years untreated sibs), has been reported among
subjects irradiated in early infancy for thymic enlarge-
ment and followed up for an average period of twenty-
three vears.$3:  In this population, the highest excess
of malignancies is in respect to carcinomata of the
thyroid (nineteen cases against none in controls) as a
consequence of the direct exposure of the gland to the
x-ray beam and with regard to leukemias (six among
irradiated children and two among controls). The
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excess of tumours of the nervous system is significant,
but the pertinent dosimetry is unknown so that it is not
possible to compare even crudely their rate of induction
with that of the other types of malignancies. A similar
survey of children irradiated between eight and eleven
years of age and followed up until the average age of
twentyv-two years has shown a non-significant excess of
brain tumours among them (two in about 17,000 man-
years) as compared to their untreated siblings (two
in 58,000 man-years).8s

68. Other evidence for the induction of tumours of
the nervous tissue by radiation is provided by a survey
of children whose scalps were irradiated for depilatory
purposes in the treatment of ringworm infection.®6. 87
Most of the brain was estimated to have received doses
within 20 per cent of 140 rads.®8 The age at irradiation
was about seven years, and the follow-up time was
around fifteen years, A group of children with ring-
worm, who had been treated at the same time by means
other than radiation, served as controls. The two
groups appeared to be comparable with regard to sex,
race and family income distribution. Microsporum
lanosum, however, was comparatively more frequent in
controls than among irradiated children.

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

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

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

72. These observations are of the highest interest
but must be taken with a great amount of caution.
The incidence of mental disturbances is notoriously
affected by a number of social, environmental and
genetic factors that are difficult to allow for. In the
survey under review, only race and the income bracket
of the subjects have been considered. It would appear
that a very close analysis of further variables is re-
quired before final judgement on the results with




regard to the induction of mental disorders can be
formed. Such an analysis is in progress.®® The results
of a similar, but larger, survey currently under way%
may also be useful in clarifying the issue.

Iil. Effects on the adult organism
A. CENTRAL NERVOUS SYSTEM
1. The central nervous system radiation syndronte

73. The radiation dose needed to induce dramatic
early neurological disturbances in adult animals, with
the exception of the burro® is much larger than the
dose needed to cause gastro-intestinal or haematopoietic
death, The so-called central nervous system radiation
syndrome, where death within one to three days is
due to irradiation of the head alone or to the whole
body. requires. in the mouse for instance, doses of the
order of 10 kilorads.®?

74. In guinea pigs receiving 25 Lkilorads to the
whole body, initial depression of motor activity is
followed by enhanced motor activity and by extensor
rigidity.%3 % In whole-body irradiation of hamsters
with 8 kilorads, disturbances of equilibrium develop
quickly, but seizures do not occur.®* In dogs, only
lethargy after whole-body exposure to 10 kilorads is
seen,® whereas burros become aggressive.%® In rabbits
receiving 4 to 9 kilorads to the head only, a two-phase
syndrome consists of initial apathy. which is dose-
independent in the range studied, followed within
hours by ataxia. posture disturbance and epileptiform
seizures.®” The second phase is strongly dose-dependent
and has been reported to show a threshold of about
6 kilorads (however, see paragraph 102).

75. In monkeys, severe neurological signs and death
in the central nervous syndrome are seen within two
days after whole-body doses of about 10 kilorads.?®
Doses between 2.5 and 30 kilorads usually give rise
to an early hyperexcitability followed by an early
transient incapacitation.?s %® Partial recovery, the dura-
tion of which is inversely related to dose, follows this
early incapacitation, Subsequently and abruptly, a
phase of permanent complete incapacitation sets in, No
partial recovery is seen after 50 kilorads, and perma-
nent incapacitation within 30 seconds is seen in nearly
all animals at 100 kilorads.%?

76. One case of radiation accident in 1958 has
shown, after an estimated head dose of about 10 kilo-
rads of mixed gamma neutron (2:1) radiation, clinical
symptoms primarily associated with damage to the
central nervous system.1® The course, from exposure
to death, lasted thirty-five hours. The sequence of
clinical signs and symptoms fell within the pattern
predicted on the basis of animal experiments. The
main neuropathological finding in the brain was a
severe oedematous condition,!0!

77. Extensive studies'®* 193 were made of the brains
of forty-nine Hiroshima and Nagasaki casualties who
died between sixteen days and six years after the
bombing. Mental and neuralogical disturbances were
noted in several of these patients. No correlation be-
tween these disturbances and distance from the hypo-
centre could be found. All casualties showed signs of
acute radiation sickness, and all became severely anaemic.
Pathological changes varied from mild to pronounced
and consisted predominantly of hemorrhages and peri-
vascular neuroglial nodules. In some cases, foci of
nerve cell destruction of varied size were found in the
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cerebral and the cerebeliar co-tex. The changes, in
general, were those of a vascular permeability disturb-
ance. They were similar to the changes found in con-
trol cases of aplastic anemia. To what extent brain
changes were directly induced by radiation and to what
extent they were abscopally determined thus remains
problematic,

78. In ten patients surviving accidental gamma and
neutron irradiation (average body dose 500 to 600
rad, average head dose 800 to 1,000 rad) cerebral and
meningeal signs. as well as changes in the ocular
fundus, were seen soon after the irradiation.l* In
another accident involving one person, gamma irradia-
tion of the abdominal and lumbar regions and of the
left thigh was massive, doses in the lumbar region of
the spinal cord having been estimated at 3 to 5 kilo-
rads.’%% 105 The observed clinical signs of cord damage
could be correlated with findings seen at autopsy eigh-
teen days after the accident. There was severe oedema
of the lumbar segments of the cord with occlusion of
the spinal canal and severe degenerative alterations in
neurons of the anterior and posterior horns as wells
as in the fibres of the spinal cord.

2. Structural changes
(a) Cellular and subcellular changes

79. When special methods are used, structural
alterations in cellular components of the brain are
commonly seen at doses of 100 rads or more. A few
general, mainly qualitative, remarks regarding cellular
reactions are pertinent here.

80. The neurons of the adult are stable amitotic
cells, as shown by their inability to incorporate radio-
active precursors into their DNA,16. 107 Ty general,
they have a high intrinsic resistance to radiation.
A dose in excess of 250 kilorads is required to destroy
the nerve cells of the cerebral cortex of the mouse
within thirty days after irradiation by a beam of
deuterons 25 micrometres in diameter.1%% 102 A field
of this size contains relatively few blood vessels so
that the effects may be more directly related to neuronal
damage. Alpha-particle irradiation of a large field of
the cerebral cortex of the rat in a peak dose of 15
kilorads destroys nerve cells within sixty days 10
The greater effectiveness of the radiation under the
latter conditions is probably due to the supplemental
factor of tissue ischemia brought about by altered
blood flow in the transirradiated blood vessels. 1t
Species differences in vulnerability exist. Granule cells
of the cerebellar cortex become necrotic within a day
or two at 5 kilorads in the mouse,1** but not in monkeys
in the same period at a larger dose given to a wider
field 98 113

81. Glial cells are, in general, far more radio-
vulnerable than nerve cells. whether cell death or struc-
tural changes are taken as an end-point. Astrocytes
respond within two days, by glycogen deposition, at
a dose as low as 300 to 600 rads.'#1%¢ This is probably
a reflection of reduced aerobic metabolism of the brain
tissue.!?” As revealed by metallic staining, astrocytes
may become hypertrophic within three weeks or
longer after doses of 100 rads or more. 8 this being a
reflection of altered vascular permeability to proteins.
Oligodendroglial cells, associated with the myelination
process, underge acute swelling or hypertrophy also
in a wide dose range. In rats and mice, but not in
other animals investigated, these cells may selectively



undergo necrosis after an x-ray dose of 150 to 200
rads.}1?. 120 Microglial cells become activated, and
blood-borne lymphoid cells may enter irradiated brain
tissue at doses of 100 rads upward.!?® Subependymal
ghal cells become necrotic at doses of 130 to 250 rads
in rodents1® 1% byt not in monkey or man.!1!

82. Blood vessels also are relatively radio-vulnerable.
Tiny vesicles found in endothelial cells within one
hour after x irradiation at doses of 100 rads or more
are probably a morphological expression of altered
vascular permeability. The response, which can be seen
also in pericytes, is reversible at doses up to 3500
rads.’?*1%2 The time period at which altered vascular
permeability commences varies with the species. At a
given dose of high-energy alpha particles the blood
vessels in the brain of the monkey show a much earlier
increase in permeability to sodium fluorescein than do
the vessels of the rabbit, and the vessels of the rabbit
a much earlier increase than do those of the rat.1®?
In the rat, it has been shown that vessels suffer first
(in the form of circulatory stasis, followed by leakage
of trypan blue) and that necrosis occurs in nerve cells
afterwards (10-20 krad, >185 MeV protons).1®
Support of the view that nerve-cell damage is vascular-
dependent comes also from the observation that dia-
pedetic hzzmorrhages in the diencephalon precede nerve
cell alterations after x-ray doses of 20 kilorads.1?3
The distribution of damaged nerve cells in the irradi-
ated cerebral cortex occasionally assumes a laminar
pattern, which has been taken as evidence of in-
adequacy of the circulation to meet local needs. Such
a pattern has been noted in the rat following 30-rad
fractions given once a week up to a total of 250 rads.1*®

83. Effects of radiation on neuronal ribonucleic
acid (RNA) at low doses!?” and their possible rela-
tion to functional alteration are of interest because the
formation of RNA in nerve cells may be related to
mental activity.!®% 129

84, Differing radio-vulnerability exists for various
subcellular structures. It has been found that, in spinal
ganglia, karyosomes suffer first, then the endoplasmic
reticulum (20 krad, 185 MeV protons).!3® Labelling
techniques have shown that radiation effects on inter-
phasic cells include conspicuous interference with the
formation of RNA, a DNA-dependent process.!3% 133
Interphase cell death has also been connected with
direct radiation damage of cytoplasmic organelles, in
particular of the mitochondrion (the self-replicating
organelle involved in cellular energy metabolism) and
of the lysosome from which destructive hydrolases may
be liberated after membrane damage.'3!

85. The dose-survival relationships in nerve cells
are highly complex. This is illustrated, for example,
by a study of retinal cells in mice irradiated between
four and ninety days of age.}3* 135 As the visual cells
undergo maturation, the survival function changes
from a simple exponential to highly complex curves
with high extrapolation numbers (> 1.000) and
wide initial shoulders.

86. Electron microscopic observations have shown
that the relative vulnerability of vessels, compared
with that of the astrocytes. varies. In one study on
the cerebral cortex (hamster), capillary damage was
considered the initial event, mainly on the basis that
oedematous swelling became apparent in astrocytes be-
fore changes could be found in endothelial cells. im-
plying a vasculo-astroglial permeability defect (x-ray

dose. 15 krad).’®® In another study on the cerebral
cortex (guinea pig). the capillary endothelium was
found unaltered although adjacent cells were necrotic
(surface dose of alpha particles, 20 krad).37 In a
study of the cerebellar cortex (guinea pig). vessels
appeared spared, yet tissue cells were severely damaged
(gamma-ray doses, 1-2 krad).1®

(b) Histological and related setabolic changes

_87. Depending on radiation quality. dose and field
size, structural alterations of the nervous system may
appear as acute effects within hours or days after
irradiation and may involve varying patterns of
exudative phenomena, glial cell hypertrophy and cell
and tissue necrosis. Large-field irradiation of the brain
can even result in rapid tissue necrosis, as has been
observed within a few days following doses of 7 kilo-
rads (23 MeV x rays) or more,138. 139

88. When equal doses are absorbed, whole-body
irradiation is more effective than head-alone irradia-
tion in bringing about certain changes in the brain,
greater depression of RNA labelling in the cytoplasm
of nerve cells in the brain (at 500 rad) '*® greater
water increase in the brain tissue in certain areas (at
100 rad)*? and greater reduction in alkaline phospha-
tase in vessel walls and brain tissue (at 10 krad).!*?

(c) Late (delayed) effects of irradiation

89. Experiments with implanted seeds containing
radio-nuclides have provided information on the effects
of continuous irradiation. For example, after intra-
cerebral application of gold-198 or yttrium-90 in dogs,
necrosis developed within the range of the beta radia-
tion after a period of three to six days corresponding
to a cumulative dose of 10 to 20 kilorads.!43-145

90. The evolution of the late reaction in the brain
and spinal cord varies widely. 1112431534 In monkeys,
late tissue necrosis has been observed at doses of 624
rads (2 MeV x rays),t® 800 rads (14 MeV fast
neutrons, 55 MeV protons) 11155 and 1,500 rads (250
kV x rays, 23 MeV x rays).1561%% In man, the smallest
x-ray dose known to have produced late tissue necrosis
is 1.250 rads; in this case, exposure was through mul-
tiple ports at intervals over a twelve-hour period.!%®
The observation in experimental animals. that latency
for the development of late necrosis is inversely
related to dose and volume irradiated®’- 162 finds
many exceptions in patients given {ractionated ir-
radiation. A fractionated dose which, in man, usually
causes necrosis within three to twelve months may, in
other cases, not result in necrosis until after a lapse
of five to eight years,!3% 163,164

91. Late necrosis of brain or spinal cord tissue
sometimes occurs in human subjects given fractionated
radio-therapy for intracranial or extracranial tumours
or other conditions. The suggested lowest fractionated
x-ray dose (field size. 100 em®) that may produce
cerebral necrosis in adults has been estimated to be.
for example, 3,300 rads given in 10 days and 5,200
rads given in 50 days.!®® Late radio-necrosis of the
lower brain stem and upper spinal cord following
transirradiation of these parts of the nervous system
for tumour in the cervical region may occur. for
example, within one year after 5 kilorads given in

seventeen days.168 167
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92, Since there are many kinds of late radio-
necrosis, it is likely that pathogenesis varies. In-
creasing oxi-reductase activity in astrocytes, increasing
mitotic activity in vascular endothelial cells and oligo-
dendrocytes and increasing cell population may, it has
been contended, contribute in varlous ways to a pro-
gressive meiabolic deficiency which may terminate in
tissue necrosis.® On the other hand, the close spatial
relationship of incipient parenchymal lesions to altered
vessels has been taken as evidence of a primary role
of circulatory and vascular disturbances in tissue
breakdown.'® Long-term electron microscopy observa-
tions of the cerebral cortex of rabbits receiving 2,500
roentgens of x or gamma rays have revealed ultra-
structural changes in virtually all cellular elements but
no tissue necrosis.!® This suggests that some addi-
tional factor is responsible for the necrosis. Circulatory
disturbances reaching a certain threshold incompetence
may be that factor.

(d) Repair

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

94, That nerve cells can undergo repair shortly
after irradiation is inferred from electron-microscopic
studies in serially sacrified animals. Nerve cell damage
evident in animals sacrificed within a few hours may
not be found a day later in other animals. This applies.
for example, to cerebral cortical cells (3.5 krad)!™
and hypothalamic cells (5 krad).?™ Biochemical
studies also indicate that repair is possible. If damage
of nerve cells is limited to the level of biochemical
disturbances, the cells have the potential for recovery.
In rabbits exposed to 2 to 3 kiloroentgens of x rays,
nerve cells removed from the brain stem and studied
in vitro showed increased cell mass, potassium excess,
increased RNA content and succinoxidase activity.!™
By the twenty-fifth day, repair following 3 kiloroent-
gens was apparently achieved. A tritiated thymidine
study of the rat spinal cord showed that the process
of repair runs its course in a maximum of about two
weeks, 167

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

96. Increased synthesis of RNA and protein in
neurons and glia may be closely related to regrowth
of damaged or interrupted axons and dendrites. In
the rat, starting at about two weeks after irradiation
of the cortex at doses capable of destroying individual
cellular elements, axons grow in great abundance into
areas of cell depletion. These axons become myelin-
ated, but the role of oligodendroglial cells in this
process has not been established. Moreover, regenera-
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tion of myelin occurs in axons demyelinated by large-
dose irradiation,176-178

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

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

3. Functional effects

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

100. In rats, studies of electro-encephalographic
patterns after whole-body x irradiation (700 rad) re-
vealed characteristic modifications up to ten days after
exposure.'8? At three to twelve hours after irradiation,
there was a significant decrease in both “high” (15 to
30 cps) and “low” (1.5 to 7 cps) frequency electrical
activity. Within the next two to three days, the
recordings were nearly normal. In the subsequent four-
to ten-day period, only the low frequency component
decreased below the control level. The early change
of frequency seems to correspond in time with a period
of conditioned reflex depression found in another in-
vestigation after head-alone irradiation.!s? The latter
decrease similarly coincided in time with the condi-
tioned reflex depression that occurred immediately
before and during acute radiation sickness.

101. The electrical activity of the prepyriform cortex
of the rat brain was studied after x-ray whole-body
doses of 250 and 500 rads. The animals presented an
increased amplitude and slightly decreased irequency
in the spontaneous electrical activity, as well as shorter
latency of evoked potentials. These changes occurred
for the duration of the experiment (thirty-five davs)
at the higher dose but only during the first few days
at 250 rads.18% 195

102. In rabbits, a slowing of the frequency of the
slow-wave component of the electro-encephalogram
with a concomitant rise of the amplitude was seen
after doses of 100 to 400 rads.’® A whole-body gamma
dose of 400 rads gave rise to trains of slow waves
(1 to 4 cps) that appeared to originate from the hippo-
campus and from there to spread to the whole cortex.
occasionally accompanied by spike activity.?*® Epilep-



toid seizures in rabbits were seen in some cases after
doses of 400 rads or more,18°

103. The hippocampus appears to be the brain
structure giving the strongest electro-physiological
response to whole-body or head-alone irradiation.!®. 187
Spontaneous hippocampal spike activity has been seen
for at least a few hours after 100 rads (possibly after
25 rad also) or more in rabbits that did not show
spike activity prior to irradiation.'®®

104. In addition to recording the continuous elec-
trical activity of the cerebral cortex, electrical changes
evoked by stimulation of sense organs or of some point
along the ascending pathways to the cerebral cortex
have also been studied, Thus, in rabbits, gamma irradia-
tion (400 or 1.200 R) brought about changes in the
electrical activity of the visual nervous system (retina,
lateral geniculate body, optic cortex) which seem to
be related to dose189-191

105, In monkeys, acute whole-body exposure with
400 to 800 roentgens of 230 kV x rays failed to pro-
duce significant changes in electro-encephalographic
patterns until near death.!®? Head doses of 4.5 or 6
kilorads, however, resulted in general slowing of wave
frequency and increase in amplitude within the first
day after exposure, in some cases with patterns of
spiking reminiscent of grand mal seizures.!%® At the
same time, apathy and asthenia set in, followed by
poor co-ordination, loss of the pupillary light reflex
and myoclonic twitches and seizures.

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

107. Studies of the threshold for the induction of
electro-shock seizures in irradiated rats provide further
evidence that irradiation gives rise to changes in
cortical processes.!®® 197 The threshold for the seizure
decreased after x-ray doses of 450 and 950 rads whether
delivered to the whole body, to the head alone or to
the body alone. This has also been seen after doses of
500 and 10,000 rads of 50 MeV protons to the head.
After x-ray exposure, the threshold drop persisted for
a period of two to four weeks depending on dose in
the group receiving body-alone irradiation, but for six
months after irradiation involving either the head
alone or the whole body. Within the dose range ex-
plored. proton irradiation produced similar drops
which lasted until the death of the animals or the end
of the experiments (two months in this case). The
duration of the clonus was drasticallv and lastingly
reduced after 5 and 10 kilorads of protons, whereas
lower doses only produced small and transitory changes.

108. The action of irradiation on already established
conditioned reflexes has been the subject of a large
number of investigations.” 1*® Thus, a conditioned
avoidance response obtained in the rabbit by using an
electric shock as unconditional stimulus and a light
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flash as conditional stimulus disappearedi®® completely
fifteen to twenty minutes after a whole-body exposure
of 500 roentgens (180 kV, 0.5 mm Cu -+ 1.0 mm Al,
70 cm), This was accompanied by the pronounced
weakening of the electric activity that usually accom-
panies the conditioned reflex, The depression of the
conditioned reflex lasted from three to seven days, but
its recovery was not complete as the responses of the
animals remained unpredictable. A similar response
was elicited by irradiation of the head alone. In dogs,
single and fractionated whole-body exposures of 100
to 190 roentgens caused a temporary reduction of the
intensity of the conditioned reflexes,3+202-203

109. At doses much lower than the lethal range
for whole-body irradiation, reports are conflicting.
The most severe but temporary disturbances are found
when complex sequences of interacting conditioned
reflexes are used, such as those requiring differentia-
tion between stimuli of different type or different
strength.’®2 Thus, in dogs, serial conditioned motor
reflexes were only slightly depressed for a period of
two to four months after whole-body doses of 30 to 40
rads and subsequently returned to normal.?®* On the
other hand, in dogs given 10 to 50 rads to the parietal
region, the intensity of conditioned salivary reflexes
increased at the same time as disturbances of the in-
ternal inhibitory processes of the cerebral cortex
occurred.?%® In another study,*®® no changes of the
conditioned salivary refiexes of dogs receiving for thirty-
seven weeks weekly whole-body doses of the order of
20 rads were observed. In this investigation, however,
only positive conditioned reflexes were explored, and
the authors did not exclude the possibility that a more
complicated situation involving discrimination of stimu-
lus patterns and their temporal relationships might have
revealed effects not seen in simple conditioning.

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

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

112. Alterations in spinal cord reflex activity have
been seen in dogs after whole-body irradiation with
x rays, 1% and in rabbits after irradiation of the spinal
cord only (500 to 1.000 rad).'® Reflex activity ini-
tially increases, then declines, and finally returns to
pre-irradiation levels, Suppression of spinal cord re-
flexes reaches its maximum when radiation sickness
signs are severe. In animals that have survived irradia-
tion. normal spinal cord function is gradually restored.
Other studies demonstrate that the latent period of
the shin-flexor reflex changes after whole-body x
irradiation (10 rad) of the rabbit.?®? Initially, the
response time is shorter and the reflex shows greater
oscillations than normal. Repeated irradiation increases
the latent period, sometimes beyond control values.
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113. In man. local and whole-body doses (thera-
peutical or accidental) of hundreds of rads (up to
1,000 rad) may result in changes of unconditioned
spinal reflexes which persist for years but eventually
disappear. Such changes are found only through special
investigations (electro-myography, reflexometry, myo-
tonometry, chronaximetry, etc.). They can be observed
for five to ten years after irradiation.i0% 210,211

114, Clearly the nervous system does show a variety
of changes. From the preceding paragraphs it may be
observed that, while changes in spontaneous or evoked
electrical activity may be seen after irradiation and
are usually of a non-permanent nature, the behavioural
and pathological significance of such changes has yet
to be appreciated.

B. PERIPHERAL NERVES. SYNAPSES AND RECEPTORS

115, The doses required to alter the physiological
properties of isolated peripheral nerves are extremely
high—at least 10 kilorads of x rays. Such doses are
followed by reduced amplitude of action potentials and
decreased conduction velocity of nerve Impulses =21
Heavy particles in similar doses stop conduction almost
immediately in the isolated sciatic nerve of the frog.2!®

116. In rat sciatic nerves receiving in site doses of
3 kilorads of x rays given in three fractions of 1 kilorad
each, no electro-physiological changes were detected
after three to eleven months, but major morphological
alterations were found in this time period in 25 per
cent of the animals so treated. The lesions consisted of
multifocal necroses of the sciatic nerve associated with
degenerative changes of vascularization in it,18

117. The mechanisms whereby changes of the bio-
electric activity of nerves, and of receptors as well, are
produced are not well understood. Various experiments
strongly suggest that the efiect of radiation involves
at least two processes: (@) induced increase in passive
ion permeability and (b) the impairment of the energy-
dependent ion-transport mechanism,?17-220

118 In cats, local x-ray doses of 500 to 600 rads
to the lumbo-sacral segments caused an immediate in-
creased amplitude and duration of excitatory synaptic
potentials in motor neurons when corresponding affer-
ent nerves were stimulated.?” During local x irradia-
tion of the spinal cord at a dose rate of 300 rads per
minute, a change was observed in the potentials
recorded from the anterior roots of the spinal cord
when the posterior roots were electrically stimulated.2??
These changes may be related to the increased mono-
synaptic response variability observed in cats after
spinal cord irradiation (100 to 500 rad).2?® In mice,
pathological alterations of synaptic structures in the
spinal cord were observed as early as one day after a
whole-body dose of about 500 rads. Approximately
five weeks after irradiation, some of the degenerated
synaptic structures seemed to disappear, while others
apparently returned to their normal state.?78

119, Changes in synaptic transmission could be an
important factor in the response of the nervous system
to irradiation. To cause an inhibition of transmission
through an isolated neuro-muscular junction of the frog
or rat, doses of about 20 kilorads are required.?>+22¢
By contrast. much lower doses act on synaptic trans-
mission when irradiation is applied to the whole body
or to nervous siructures in stfu. Thus, doses of 800
rads to the upper cervical ganglion of cats facilitates
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transmission after fifteen to twenty minutes. After an
hour or so, inhibition is observed.2*7

120. Cutaneous and visceral receptors respond to
high doses of radiation with structural alterations but
also with functional changes. Thus, even during the
first hour after local irradiation (500 rad) distinct
changes can be detected by recording spontaneous bio-
electrical potentials in the branches of the cutaneous
nerve. These potentials show an increased frequency
very soon after irradiation. They exhibit long periods
of increased activity even in the absence of tactile
stimuli. The reactions of the nerve to such stimuli
also become more intense.?®® It has not been deiermined
whether these changes reflect a direct effect on the
receptor itself or whether the afferent nerves from the
receptor are mainly involved. On the other hand. the
increased splanchnic nerve activity that occurs as a
result of whole-body or abdominal exposure of cats and
rats probably reflects alterations in the function of
interoceptors,2?8-23¢ and the isolated Pacinian corpuscle
responds to several hundred rads with changes in
sensitivity to mechanical stimuli.23!

121. Observations on dogs irradiated and observed
for one year have shown that only when cumulative
doses reach 300 rads (150 rad over the year plus 150
rad in a single exposure, or 225 rad over the year
plus 75 rad in a single exposure) is there any signifi-
cant change in the sense of spatial orientation of the
body.2** Experiments on rabbits indicate that such
effects depend on the region of the body irradiated
and that they change with the progress of time,32
Permanent damage to the vestibular system has been
seen at single local doses to the labyrinth larger than
1,000 rads,

122. 1t is difficult to determine whether the effects
on cutaneous and visceral receptors are the direct
result of radiation on them or are secondary to changes
in the surrounding tissues.?% 23 Whether primary
or secondary, however, these effects on receptors are
likely to play an important role, when the body but
not the head is irradiated, in triggering central responses
or automatic reflexes responsible for the systemic inter-
actions that will be discussed in section V.

123. In man, reduction of tactile sensitivity and skin
sensitivity to vibration has been demonsirated in
cases of accidental irradiation in the lethal range of
doses!®* ¥ and in patients treated locally with high
fractionated doses (several kilorads total).35-28 Tnver-
sion of sensations has also been reported®?® after
irradiation of the oro-pharyngeal region, salt being
“felt” as bitter and bitter as simply cold. Both lowered
taste sensitivity, and inversion of taste sensation ap-
peared to be secondary to a central effect rather than
a primary consequence of irradiation. Taste changes
were, in a number of cases, associated with increased
olfactory thresholds, sometimes accompanied by trophic
changes in the olfactory mucosa.?#0

IV. Radiation as a stimulus for
8ENSOry organs

124, It has been demonstrated that brief bursts of
ionizing radiation can stimulate certain receptor sys-
tems of many organisms in the same way as does the
adequate or normal stimulus for the receptor system
involved. The activation of receptors by radiation with
small doses appears to be within the normal physio-
logical capacities of receptors and does not seem to



induce any significant injury to the system involved.
These events, therefore, should be clearly separated
from the effects that are discussed in other sections of
this report.

A. Vision

125. The ability of dark-adapted subjects to per-
ceive jonizing radiation as a sensation of light was
noted shortly aiter the discovery of x rays and is now
firmly established.?#1-*43 Perception of x rays depends
on the capability of the rod cells®* 244 245 which must
be dark-adapted for production of the visual radiation
sensation. Light sensations have been reported by
human subjects after as little as 1 millirad of x rays
delivered in less than a second.**S Peripheral retinal
regions where rods are most frequent are more sensi-
tive than the central portion of the retina.*i0

126. Electro-physiological investigations of the eye
have shown that the compound series of retinal
potentials that arise from light stimulation®® 24 may
also be elicited by radiation of the dark-adapted
eye 242 244, 248 Ty hymans the ““flash” exposure thresh-
old for such response has variously been reported to
be 500 millirads®*® and from | to 3 millirads.?®

127. Tonizing radiation may stimulate the retina in
a manmner related to normal visual processes, although
it has been difficult to show whether analogous mecha-
nisms are at work at the rhodopsin level. Absorption
of radiation energy by the rods is apparently respon-
sible for the electro-retinographic response as shown
by the fact that no response could be elicited in the
horned toad, an animal which lacks rod vision.?*® Direct
evidence is also gained from the similarity between
the adaptation process for x rays and visual rod
adaptation.>*0

B. OrracTioN

nr

128. It has been demonstrated in rats2%:%% dogs >3
cats®** and monkeys™® that the olfactory system is
very responsive to ionizing radiation at small dose
rates (in monkeyvs. from 8 millirad per second). The
evidence suggests that the electro-encephalographic
desynchronization and arousal reactions observed im-
mediately after the onset of x-ray exposure may be due
to stimulation of the olfactory system, since these
reactions are suppressed by destruction of the olfactory
bu]bs‘i.’:')l, 232, o257

129. Microelectrode recordings from single neurons
in the olfactory bulb of several species have been used
to identify olfactory stimulation by ionizing radiations.
Radiation exposure generally results in a prompt in-
crease in the firing rate of these neurons that corres-
ponds to the duration of the exposure®s 23 However,
such responses presumably are not the result of an
effect of x rays on the olfactory bulb itself, since the
reaction can be abolished by nasal perfusion with
saline or alcohol®® A peripheral site of action is also
indicated by experiments in which ozone in ambient
air was shown to mask selectively the response to
x rays.?8 It was found subsequently that the responses
occur in the olfactory bulb only if the radiation (beta
radiation from a strontium-yttrium source) is con-
fined to the olfactory epithelium located in the nasal
passages.?™® From these observations, it appears reason-
able to infer that olfactory detection of radiation occurs
at the receptor level rather than in a more central por-
tion of this system.

C. SENSORY SYSTEMS AND BEHAVIOURAL REACTIONS

130. Changes in the electro-encephalogram are seen
in rabbits within one second after bursts of radiation
of 1 rad or less'®™ 2%% 260 ang persist for only a few
minutes. In rats exposed during a quiet period or
during sleep. dose rates as low as 0.25 rad per second pro-
duce transient electro-encephalographic reactions with-
in seconds.**® The response increases with dose rate.
The electro-encephalographic changes parallel the
arousal response which resembles that seen with
stimulation of peripheral receptors.?¢. 257 The response
can be extinguished by repeated exposures, suggesting
habituation of a sensory system. Arousal responses
can be obtained by irradiating the head only or the
body only. Spinal transection (C»-T;) prior to ex-
posure abolishes the response in animals in which the
body only is irradiated. showing that the arousal re-
sulting from such an exposure is mediated through
the spinal cord. Exposure of the head only in such
transected animals will still elicit the arousal re-
Sponse.'_‘ﬂo, 201, 262

131, The effect of radiation on sensory systems can
lead to changes in the behaviour of animals towards
further irradiation and towards cues previously asso-
ciated with exposure. For example, mice and rats
avoid residence in that region of a chamber in which
they have previously experienced irradiation %8 263 or
they exhibit a reduced preference towards distinctively
flavoured substances previously consumed during an
irradiation.?® 265 Thys, in rats. the consumption of
saccharin-flavoured fluid during a six-hour exposure
to cobalt-60 gamma radiation at a dose rate of 5 rads
per hour results in a radiation-conditioned aversion
to saccharin that persists for about four weeks.26¢
When mice are exposed to gamma rays from radium
at a dose rate of 20 millirads per minute the threshold
dose for the conditioned aversion to saccharin in saline
solution is less than 30 rads. The degree of avoidance
seems to be a linear function of the accumulated radia-
tion dose.?®” Similar reactions are seen in consump-
tion tests at slightly higher dose rates with cats208
and monkeys*® subjected to combinations of radiation
and test solutions.

132. The mechanisms leading to radiation-condi-
tioned behaviour are not precisely known. The be-
haviour depends not only on detection of small doses
at low dose rates but also on the induction of a
motivational state to avoid a noxious stimulus, Aver-
sive reactions to the same dose are produced more
often by abdominal exposure than by head expo-
sure*™® suggesting that visceral receptors can also be
triggered by penetrating radiations. Splanchnectomy or
intraperitoneal procaine injection delays or suppresses
development of the spatial avoidance response in rats,>"!
Conditioned reflexes have also been obtained by ab-
dominal irradiation.?6!: 27 suggesting visceral receptor
activation.

133. There is as vet no well-confirmed evidence of
receptor stimulation by low doses and low dose rates
of ionizing radiations in man, with the exception of
visnal perception in dark-adapted subjects. The
evidence for radiation detection and behaviour condi-
tioning in other species has been based on relatively
recent findings and will require considerably more
development before their implications for human be-
haviour can be established. In any event, the effects




described do not reflect injury to the nervous system
or specific risks to human subjects so exposed.

V. Systemic effects

134. While all svstems may show radiation response
through interaction with the nervous system, it is
mostly with regard to the cardio-vascular and gastro-
intestinal systems that information is available, and
only these will be discussed here.

A. EFFECTS IN ANIMALS

135. Hemodynamic changes occur soon after radia-
tion exposure, particularly at doses in the lethal range.
They may be mediated through neuro-regulatory
mechanisms that are thought to be operative at several
levels of the acute radiation response.

136. As a result of autonomic nervous system in-
volvement, the rabbit is unusual in showing an imme-
diate shock-like hypotensive reaction after x-ray
whole-body doses of 600 rads or more.1%% 2% Blood
pressure falls within hours after irradiation, and the
heart rate increases.*™ 2™ Atropinization or vagotomy
will reduce the severity of the reaction, and adrenalin
injections effectively counteract hypotension.>™® Blood
pressure changes may be seen after doses as low as 50
rads.27®

137. Acute hypotension has also been seen within
one to three hours post-irradiation in rats?? 278
cats™® 280 and monkeys”®! after doses in excess of 1,000
rads, but has not been observed in dogs.??% 282

138, Rat arterial blood pressure responds differ-
entially to x irradiation (485 rad) during the first
twenty-four hours after exposure as peripheral blood
pressure falls, whereas the aortic pressure remains
unchanged. At 970 rads, the aortic blood pressure
also falls and responds weakly to various stimuli
during the first few days after whole-body irradia-
tion.283

139. The pressor response to electrical stimulation
in rabbits is increased the first day after exposure to
800 roentgens (180 kV, 0.5 mm Cu- 1.0 mm Al),
despite a simultaneous drop in blood pressure.?$*
Changes in the sensitivity of the mechanisms con-
trolling blood pressure have been seen in irradiated
cats, where peripheral stimulation of carotid baro-
receptors or chemo-receptors elicits weaker than normal
pressor responses,280. 285-200

140. Systemic interactions in the cardio-vascular
system are effective in the local control of motility
and permeability of the capillary bed. For example,
sectioning the afferent nerve from a skin section on
the back of a rabbit locally irradiated (450 rad) re-
duces such increased permeability.2®® Increased per-
meability in the rat after 750 to 3,000 rads is seen
within twenty-four hours and is at a maximum at
three or four days?? Anti-histamine drugs prevent
increased permeability up to one day post-irradiation,
suggesting that the early response is due to histamine
mediation. In the rat, the capillary bed of the meso-
appendix shows diminished sensitivity to adrenalin for
five days after whole-body x-ray doses of 600 rads,
but reacts more strongly than normal eight to seven-
teen days after irradiation. Vasomotor activity shows
a similar pattern, and the response has been attributed
to circulating vasoactive materials.?%

83

141. In most species, after a supra-lethal radiation
dose to the head. respiration stops before cardiac fail-
ure. 25 29 282 \With artificial respiration,?32 the pressor
response to carotid sinus stimulation disappears in head-
exposed dogs while arterial pressure and blood volume
remain normal. This suggests that reflex failure after
high doses is due to damage of the medullary vaso-
motor centre, since the pressor response to electrical stimu-
lation of this centre declines in the same manner as the
carotid sinus reflex. This interpretation is supported by the
results of direct irradiation of medullary centres2%¢

142, It thus seems that the response of the peri-
pheral vascular bed to radiation may involve several
levels. Shortly after irradiation, it is possible that
changes in local concentration of metabolites or re-
leases of vasoactive chemicals may play a role in
such responses. Radiation may also interfere with
the autonomic nervous system regulation of vascular
activity, At high doses, a direct effect may be opera-
tive on medullary and other higher control centres,
the function of which may in turn be modified by
inputs from a great variety of sensory receptors.
Alterations of respiratory reflexes may also be affected
indirectly as a result of cardio-vascular changes. How-
ever, the actual roles of the central and peripheral
nervous systems, as well as of local tissue changes at
various times after irradiation. need further clarifica-
tion.

143. Radiation sickness seen after whole-body doses
in the sublethal and lethal ranges is intimately associated
with gastro-intestinal disturbances. Central nervous,
as well as autonomic, control may be involved in
several phases of the gastro-intestinal response.

144. In many species®® including primates 296298
anorexia is a common and reliable sign of radiation
disease in the first week post-irradiation. In rodents,
it is accompanied by a longer retention of food in the
stomach®®®3% and can be detected six hours after
whole-body doses of 20 to 25 rads.30% 33

145. In rats, a dose of 1000 rads to the hind limbs
and fail only may also cause gastric retention.3%® This
effect is highly unspecific as it can be seen also after
toxin injection. Radiation fails to produce retention
after adrenalectomy 30% 3% but large doses of adrenalin
or corticoids given to adrenalectomized animals imme-
diately prior to exposure restore the effect.3%3 There
are strong indications, therefore, that the radiation-
induced gastric retention is an indirect effect, being
part of the general emergency mechanism,

146. Experiments further indicate that pyloric
constriction or spasm is not an essential mechanism
in gastric retention.®%" It is more likely that the initial
depression in gastric transit is related to a reduction
in gastric motility, which may be more subject to
sympathetic or humoral control than to direct local
injury.

147. Intestinal motility and muscle tone may be
promptly altered by x-ray exposure3® as shown in
preparations in which the intestine is attached to a
motility recording device. While no changes of in witro
motility of the cat intestine are seen after 10 kilo-
rads3®® or of the guinea pig ileum after 500 rads,308
the exteriorized rat intestine increases its tonus and
motility about one minute after receiving 100 rads.30?
The effect persists longer with increasing dose. Vago-
tomy in the rat before irradiation has little effect,



showing that pre-ganglionic fibres contribute little to
the responses.3” On the other hand, results of phar-
macological ganglion block suggest that the effect of
radiation is mediated by intrinsic intestinal ganglia.
Rat duodenal segments examined 71 ifro one to three
days after whole-body doses of 300 or 1,000 rads
show increased motility, with a normal response to
acetylcholine, However, the response to serotonin
diminishes, suggesting that mucosal damage must play
a role in the mechanism of meotility changes in the
acute radiation syndrome.31°

148. In many species vomiting is a common response
to median lethal doses. In monkeys, irradiation (1.5 to
6 krad) of the head alone does not induce vomiting,
while whole-body irradiation will.}%8.311 3 difference
seen also in dog and cat3'* This sign does not seem
to depend on brain injury but on visceral stimuli,
and depends on the feeding schedule prior to ex-
posure 311 313,314 although bilateral destruction of the
vomiting centres in the medulla oblongata prevents the
immediate response in dogs (800 to 1,200 rad)315. 310
or monkeys (1.2 krad).’! Vagotomy also prevents
early vomiting in the monkey, suggesting that the
response is peripherally initiated.?% 31 Abdominal ex-
posure may, therefore, be considered essential to the
response.

149. It can be concluded that gastro-intestinal re-
actions to radiation. such as vomiting or changes in
motility and retention, mainly involve local neural
elements responding to injury of the radio-sensitive
intestinal mucosa. The response is mediated by central
as well as autonomic pathways.

B. EFFECTS IN MAN

130. The results of animal experiments discussed
in the preceding paragraphs clearly indicate the com-
plexity involved in determining whether a given sys-
tem does or does not play a primary role in the response
of another system, even with such high doses of radia-
tion as have been used in most of the experiments.
While this review has been confined to interactions
between the nervous system and two particularly well
studied systems, there are some indications that
similar interactions occur with the hzmopoietic and
endocrine systems.

151. Observations at high acute doses in man are
mostly derived from radiation accidents.’*3¢ The in-
volvement of several systems in the various forms of
radiation sickness are easily inferred, but determining
the role of each of them in the reactions of the others
is complex and deserves further study. Still. an in-
ference as to possible long-term radiation effects on
the endocrine system has become available.32° Five sub-
jects from Oak Ridge (mixed gamma-neutron dose,
respective averages 226 and 81 rad; fairly uniform
exposure) and one subject from Los Alamos (mixed
gamma-neutron dose, about 130 rad: gamma-neutron
ratio about 3: exposure geometry not stated) were
examined. Daily twenty-four hour urines were obtained
for the first two weeks after exposure and, for six
hours thereafter, at progressively longer intervals. The
_samples were bio-assayed for adrenaline and nor-
adrenaline, with results showing a modest and tem-
porary increase in adrenaline release, and a marked
and prolonged release of nor-adrenaline. The greater
output of nor-adrenaline than of adrenaline suggests
that, after such exposure, the sympathetic nerves are
called into greater play than is the adrenal gland. It

seems particularly pertinent that all of these subjects
showed a significant release of neurohormone four and
six years after exposure. This may represent some
prolonged biochemical or physiological aberration of the
sympathetic nervous system not heretofore described.

152, Extremely detailed clinical examinations32! of
radiation workers who received less than 5 rads per
year for a number of years have failed to show effects
of any consequences.?* However, in workers who were
reported to have received doses above current dose
limits (that is, from 70 to 100 rad within a period of
ten to fifteen years) a number of objective signs in-
volving various systems were described as occurring
more frequently than among controls. The estimated
doses were based on readings of personal and working
area dosimetres, and the exposure may have been
highly inhomogeneous.

153. Among the signs observed, moderate hypo-
tension and bradycardia were significantly more frequent
than among controls, Hypotension was particularly
pronounced in the retinal artery, and plethysmographic
investigations revealed slight changes of vascular tonus
in the limbs3® When these signs were most pro-
nounced, they were sometimes accompanied by electro-

-encephalographic changes, particularly in response to

hyperventilation,3%* and by electro-myographic signs of
slight deficiency of tonus and posture control.328
All these signs progressively disappeared in the course
of two or three years after overexposure had ceased.3*
These types of changes appear to be worth studying
further under strict control of a number of variables
that might distort the magnitude or f{requency of
objective, but non-specific, signs,

154. From the data available it can be concluded
that such changes as have been reported after several
years of exposure to levels of radiation about twice as
high as current dose limits for radiation workers are
mild, reversible and usually well compensated. Sub-
jective complaints that are not uncommon among adults
show an increased incidence, but none of the clinical
signs that have been reported at those levels of ex-
posure appear to impair the working capacity of the
subjects,

VI. Conclusions

155. The sensitivity of the nervous system to radia-
tion varies markedly with the stages of its develop-
ment. Only during the period from the second to the
sixth month of fcetal life does irradiation of the
nervous system involve risks higher than those arising
from the irradiation of other tissues. Even then, it is
not yet established whether such a conclusion is valid
at low doses, though this can be suspected on the
basis of the limited data available. At other times
during development, irradiation of the nervous tissue
appears to result mainly in increased incidence of
malignancies, the sensitivity of the nervous system
being, in this respect. of the same order as that of
certain other tissues.

156. When its development is completed, the major
effects on the nervous system appear onlv after radia-
tion doses of the order of kilorads. At doses close
to the median lethal dose, the acute radiation svn-
drome is dominated by symptoms involving the blood-
forming and gastro-intestinal systems, although animal
experiments indicate that some of these symptoms
may be secondary to changes in the nervous system.
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157, Such structural changes as may occur follow-
ing large or massive doses consist of brain- and spinal-
tissue breakdown and severe vascular damage. After
smaller doses, cellular necrosis or progressive reaction
in parenchymal and vascular cells may ensue. Long-
term consequences of irradiation of the nervous sys-
tem at relatively large doses include tissue necrosis and
varied cellular reactions of sudden onset months or
years after exposure.

158. Functional involvement of the nervous svstem
1s apparent even at doses lower than 30 rads, but the
effects can be considered as minor. They appear to be

Taste 1.

transitory and to result in minimal impairments of
functional performance. They do not compare in seri-
ousness with the long-term effects in other systems
which consist largely of an increased incidence of ma-
lignancies. Quantitative relationships between dose and
the intensity and frequency of functional changes in
the nervous system have not been established in man
and should be explored.

159. Radiation can be detected by sensorv organs.
For example, visual sensation of radiation is known
to occur in man at doses lower than 1 rad. There is
no evidence that this involves any injury to the retina.

PREVALENCE OF MENTAL RETARDATION AT SEVENTEEN YEARS OF

AGE AMONG SUBJECTS WHO WERE n utero
AT THE TIME OF BOMBINGSH

(modified from reference 63)

Hiroshima Nagasoki
Distance in metres Male Female Male Female
<1,500 Examined 89 80 18 20
Retarded 7 6(3) 3(1) 1
Per cent 79 7.5 16.3 3.0
1,500-1,999 Examined 135 131 36 28
Retarded 2 2(1) 0 0
Per cent 1.5 1.3 0 0
3.0004,999 Examined 221 211 71 61
Retarded 1(1) 1 0 2(2)
Per cent 0.5 0.5 0 33
Not in city Examined 201 197 60 54
Retarded 2(D 1 1 1
Per cent 1.0 0.5 1.7 19
Total Examined 646 619 183 163
Retarded 12(2) 10(4) 1) 4(2)
Per cent 1.9 1.6 22 23

a Numbers in parentheses indicate cases with possibly “explained” aetiology.

Taste I

PREVALENCE OF MENTAL RETARDATION AT SEVENTEEN YEARS OF AGE BY MONTH OF BIRTH?

(modified from reference 65)

Month of birth
1945 1946 Apr.
Distance in metres Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. May
Hiroshima
<1,500 Examined 15 19 16 15 21 29 30 17 7
Retarded 0 0 0 1 1 3() 7(D) 3 (n 0
Per cent 0 0 0 6.7 48 10.3 233 59 0
1,500-1,999 Examined 26 21 19 23 29 50 34 35 29
Retarded 0 0 0 0 (n 1 1 1 0
Per cent 0 0 0 0 34 20 29 29 0
Combined Examined 82 30 68 75 91 158 119 89 68
controls Retarded 1(1) 1 1 0 (1) 1 0 0 0
Per cent 12 1.2 1.5 0 1.1 0.6 0 0 0
Nagasaki
1,500 Examined 5 1 4 6 4 2 8 2 3
Retarded 0 0 0 1 0 ) 1 i 2(D) 0 0
Per cent 0 0 0 16.7 0 50.0 250 0 0
1,500-1,999 Examined 4 5 9 - 3 11 6 9 8 8
Retarded 0 0 0 0 0 0 0 0 0
Per cent 0 0 0 0 0 0 0 0 0
Combined Examined 14 19 40 22 31 23 30 31 34
controls Retarded 0 (1) 0 0 0 2 0 0 1(1)
Per cent 0 5.3 0 0 0 80 0 0 29
a Numbers in parentheses indicate cases with possibly “‘explained” actiology.



TasLe III. HEAD SIZE BY DISTANCE FROM HYPOCENTRE AT TWENTY YEARS OF AGE
1IN Hiros=1Mas?

Hcud size
minus 2 SD
Distance in metres Examined or more Retarded
<1200 24 11 ila
1201-1300 71 12 2
1501-1 800 68 8 2b
1801-2 200 20 0 0

5 One child with head size minus one standard deviation (SD).
b QOne child with normal head size had Japanese B encephalitis during infancy.

TasLe IV, HEAD SIZE AT TWENTY YEARS BY GESTATIONAL AGE IN HirosHIMAST

Head size
minus 2 SD
Weeks of gestation Examined or more Retarded
<15 78 25 1
16-25 50 3 4ab
2640 53 4 0

a One child with head size minus one standard deviation (SD),

b One child with head circumference within 1 5D from the mean had Japanese B encephalitis
during infancy.

Note: Of the fifteen retarded children, ten had head circumference at least 3 SD below the
mean, -three were at least 2 SD below, one was between 1 and 2 SD and one within 1 SD.

TABLE V. PREVALENCE OF MENTAL RETARDATION ACCORDING TO DOSE RECEIVEDSS

The small number of Nagasaki subjects in the group recciving 1 to 10 rads is due to the
exclusion of subjects located between 2,000 and 2,500 metres from the semple established
in 1938,

A—Includes all cases of mental retardation

B—Excludes cases with possibly *‘explained” aetiology (shown between parentheses
in columns headed "retarded’’)

Hiroshima Nagasaki Totals

Dose in rads Retarded Total Retarded Total Per cent retarded
A B
NICa (1) 399 2 114 98 78
< 1b 2(1) 432 2(2) 137 78 18
1-10 31 155 0 6¢ 1.86 1.25
11-49 2(1) 178 0 36 93 A7
50-99 3(1) 44 0 22 4.55 3.08
100-199 4(1) 29 0 14 9.30 7.13
=200 5 14 41) 1n 36.0 30.0
Unknown¢ 0 14 ¢ 8 — —

a NIC = Not in city at the time of the bombing,

b <1 = Persons at 3,000-5,000 metres whose effective dose was zero,

¢ Unknown = Persons whose shielding configuration was such that no dose estimate is available
at this time,

TapLe VI, EXCESS INCIDENCE OF MENTAL RETARDATION AMONG OFFSPRING OF WOMEN IRRA-
DIATED DURING PREGNANCY AND OF LEUKAEMIA (1947-1958) AMONG POST-NATALLY IRRADIATED

SUBJECTS
Mental retardation Leukamia
Distance it kilometres ;:f?ﬁfiiggg)‘ g:f;ﬁ:;f:; j
Hiroshima
0-1.5 110 0.6
1.5-2.0 2.3 0.04
Nagasaki
0-1.5 6.0 0.3
1.5-2.0 0.0 0.03

86




[N

10.

11.

13.

14,

. United Nations

REFERENCES

Scientific Committee on the
Effects of Atomic Radiation, Report of the United
Nations Scientific Committee on the Effects of
Atomic Radiation. General Assembly document,
17th session, Suppl. No. 16 (A/5216). United
Nations, N.Y., 1962,

Spector, R. G., Histochemical and cytochemical
aspects of the developing nervous system, pp. 146-
152 in Experimental Biology and Medicine, vol.
1. E. Hagen, W. Wechsler, P. Zilliken, eds., S.
Karger, Basel, 1967.

McIlwain, H., p. 179 in Biochemistry and the
Central Nervous System. Churchill, London,
1953,

Hicks, 8. P., C. J. D’'Amato, Effects of ionizing
radiations on mammalian development. pp. 195-
250 in Advances in Teratology. D. H. M. Wool-
lam, ed., Logos Press, Ltd., London, 1966.

Russell, L. B.. W. L. Russell, An analysis of
the changing radiation response of the develop-
ing mouse embryo. J. Cell. Comp. Physiol. 43,
Suppl. 1: 103-149 (1954).

Kameyama, Y., Experimental study on develop-
mental anomalies produced by X-radiation. Acta
Pathologica Japonica 9: 1-16 (1959).

Murakami, U., Effects of X-radiation on the cen-
tral nervous system of mice embryos, pp. 747-752
in Proc. Vth Int’l. Cong. Neuropathol., Excerpta
Medica International Congress Series No. 100,
Zurich, Sept, 1965,

Murakami, U.. Y. Kameyama, A. Majima et al.,
Radiation malformations belonging to the cyclo-
pia-arrhinencephalia-otocephalia group in the
mouse feetus, J. Embryol. Exp. Morph. 10: 64-74
(1962).

Murakami, U., Y. Kameyama, T. Sakurai, The
immediate effects of x-irradiation with relation to
abnormal morphogenesis. To be published in
Teratology. .

Rugh, R., E. Grupp, Exencephalia following x-
irradiation of the pre-implantation mammalian
embryo. J. Neuropathol. Exp. Neurol, XVIII:
468481 (1959).

Rugh, R., Low levels of X-irradiation and the
early mammalian embryo, Amer. J. Roentgenol.
87: 559-566 (1962).

Jacobsen, L., Low dose X-irradiation and tera-
togenesis. A quantitative experimental study, with
reference to seasonal influence on dose effects.
University of Copenhagen, Copenhagen, 1968.
Dissertation.

Wilson, J. G.. Differentiation and the reaction
of rat embryos to radiation. J. Cell. Comp. Phy-
siol. 43, Suppl. 1: 11-37 (1954).

Wilson, J. G., J. W. Carr, Effects of irradiation
on embryonic development. I, X-rays on the 10th

87

16.

17.

18.

19,

20.

21.

22,

23.

26.

day of gestation in the rat. Am. J. Anat. S8:
1-34 (1951),

. Hicks. S. P.. Mechanism of radiation anence-

phaly. anophthalmia and pituitary anomalies.

Amer. Med. Arch. Path, 57: 363-378 (1954).

Hicks, S. P., The effects of ionizing radiation,
certain hormones and radiomimetic drugs on the
developing nervous system. J. Cell. Comp. Phy-
siol. 43, Suppl. 1: 151-178 (1954).

Hicks, S. P., B. L. Brown, C. J. D'Amato,
Regeneration and malformation in the nervous
system. eye mesenchyme of the mammalian em-
bryo after radiation injury. Amer. J. Path. 33:
459-481 (1957).

Hicks, S. P., C. J. D’Amato, M. J. Lowe, The
development of the mammalian nervous system.
I. Malformations of the brain, especially the
cerebral cortex, induced in rats by radiation.
II. Some mechanisms of the malformations of
the cortex. J. Comp. Neurol. 113 435-4698 (1939).

Aproxuna, H. I1., XapakrepiucTHEa CTPYETYPHBIX
nsyenennit B neHTpaIbAOit REPBHOY clcTeMe KDHIC,
00IyUeHHHX PEHTTeHOBCKAMHE JyJaMH B IEpPHOR
sMbproreresa, B kH.: BanAane ROEASHPYOIETo H3-
JYYeEHA Ha (YHEIHI BHCUOIAX OTAEJIO0B IEHTPAINb-
Hoft mepauolt cucremsr moroMcrsa. Ilox pex. IM. A.
ITmonTrOBCKOTO, Mearus, M., 1961,

Hicks, S. P., C. J. D’Amato, How to design and
build abnormal brains using radiation during
development. Chapter IV, pp. 60-97 in Disorders
of the Developing Nervous System. W. 5. Fields,
M. M. Desmond, eds., Charles C. Thomas,
Springfield. Ill., 1961,

D’Amato, C. J., S. P. Hicks. Effects of low
levels of ionizing radiation on the developing
cerebral cortex of the rat, Neurology 15: 1104-
1116 (1965).

Harmusnit, A., Hecaegoparne 99T Kpoinsos, 06-
AyIeBHHX B mno03ZEEft mepmox sufpuoreseza. B
KA. BiRgHNe WORMSHPYOINEro H3Ay9eHHA Ha
(YHEOUI0 BRICUINX OTAEJIOB LeHTpaibnoit mepsmoli
cucreMs motomersa. ITog pex. I1. A. ITroRTROBCEKO-
ro, Mexrus, M., 1961,

TlnonTROBCRNH, 1. A., PYEEINA A CTPYRTYPA MO3TA
#KIBOTHOTO, 001yUeHHOT0 HOHNSHPYWIMell pajHamn-
eit B anTemaTaxsEOM Heproge. M., 1964,

Berry. M., B. G. Clendinnen. J. T. Eayrs. Elec-
trocortical activity in the rat X-irradiated during
early development. Electroencephalog. Clin.
Neurophysiol. 15: 91-104 (1963).

. Bane, H. M., W. C. Whithouse, F, Schmidt

et al., Physiological changes in the acute radia-
tion syndrome in dogs. Rad. Res. 3: 468 (1556).
Abstract.

Werboff, J., J. D. Broeder, J. Havlena, Effects
of prenatal X-irradiation on audiogenic seizures
in rats. Exper. Neurol. 4: 189-196 (1961).



27.

29.

30.

31.

32.

33.

34.

35.

37.

38.

39.

41.

Werboff, J., J. Havlena, M. R. Sikov, Behavioral
effects of small doses of acute X-irradiation ad-
ministered prenatally, Atompraxis 9: 103-105
(1963).

Sikov, M. R.. C. F. Resta, J. E. Lofstrom et al,,
Neurological deficits in the rat resulting from
X-irradiation #z utero. Exp. Neurol. 5: 131-138
(1962).

Furchtgott, E., M, Echols, Locomotor coordina-
tion following pre- and neonatal X-irradiation.
J. Comp. Physiol. Psychol. 51: 292-294 (1958).

Werboft, J., I. Goodman, J. Havlena et ol., Ef-
fects of prenatal X-irradiation on motor per-
formance in the rat. Amer. J. Physiol. 201: 703-
706 (1961).

Lipton, J. M., Locomotor behavior and neuro-
morphologic anomalies in prenatally and post-
natally irradiated rats, Rad. Res. 28: 822-829
(1966).

Cexarns, B. H., Bucmaa neppEad HesTeIbHOCTH
B3POCIBIX KDEHIC NOCTE €AeTHEBHOT0 PEeRTTeHOBCKO-
ro 00iyueHHA B SMODHOHAJILHOM IepHofe. B ERa.:
Bausene HOEN3UpPYOMEr0 H3IYYEHAA Ha (QYEROHIO
BHICIIHX OTIeI0B HEHTPaibHOf HepBHOH CHCTEME
noronersa. Ilox pex. I. A. IImomTroBckoro, Mep-
i3, M., 1961.

Werboff, J.. J. Havlena, M. R. Sikov, Effects
of prenatal X-irradiation on activity, emotionality,
and maze-learning ability in the rat. Rad, Res.
16: 441-432 (1962).

Furchtgott, E., R. S. Tacker, D. O. Draper,
Open-field behavior and heart rate in prenatally
X-irradiated rats, Teratology 1: 201-206 (1968).

Koxomefinena, I1. A., HeroTopre xapakTepHCTHRH
BHCINelf HepBHoll AeATeIbHOCTH KPHIC, 00MyUeHREIX
DEHTTeHOBCEUMT JyUaMH B KOHUe INepBofi MOTOBH-
HE QHTEHATAIHPEOTO DA3BATHA. B kH.: Bimgnnme
HOHHBUPYWIEre W3XyYeRNsa Ha (YHRINI0 BHCIIHX
0TZeA03 INeRTpaipHON HepRHOH CICTEMH ITOTOM-
cra. Ilox pex. I, A. IInonTROBCROTO, Menrns, M.,
1961.

Sharp, J. C.. The effects of prenatal X-irradia-
tion on acquisition, retention and extinction of
a conditioned emotional response. Rad. Res. 24:
154-157 (1965).

Furchtgott, E.. 8. Wechkin, Avoidance condi-
tioning as a function of pre-natal X irradiation
and age. J. Comp. Physiol. Psychol. 55: 69-72
(1962).

Furchtgott, E., Behavioral effects of ionizing
radiations. Psychol. Bull, 53: 321-334 (1936).

Fowler, H.. S. P. Hicks, C. J. D'Amato et al.,
Effects of fetal irradiation on behavior in the
albino rat. J. Comp. Physiol. Psychol. 55: 309-314
(1962).

Heagmusnit, A, M., Mexamnan Hapymerna (YHK-
IHT MO3Ta OpPH SECIEPHMEHTAIbHON pajznamnuoH-
HOH WATOJOTHII eT0 PasBUTHA H IPH OAUTOJPEHHIL.
Axazenng mays CCCP, ImcrnTyT BHcmeli Eepsroit
JTedTexbHOcTH 1 Helipodmsmomormm. M., 1964
Juceepramng,

Furchigoti, E. G., McA. Kimbrell, Olfactory dis-
crimination in prenatally X-irradiated rats. Rad.
Res. 30: 217-220 (1967).

88

42.

47.

48,

49.

50.

51.

52.

en
923

Furchtgott. E., R. K. Lore, W. G. Morgan,
Depth perception in prenatally X-irradiated rats.
Perceptual and Motor Skills 15: 703-710 (1964).

. Furchtgott, E., M. Echols, J. W, Openshaw,

Maze learning in pre- and neonatally X-irradiated
rats, J. Comp. Physiol. Psychol. 31: 178-180
(1958).

Sharp, J. C., Effects of fetal X-irradiation on
maze-learning ability and motor coordination in
albino rats. J. Comp. Physiol. Psychol. 34: 127-
129 (1961).

. Levinson. B., H. P. Zeigler. The effects of neo-

natal X-irradiation upon learning in the rat,
J. Comp. Physiol. Psychol. 52: 33-35 (1959).

Mnxaamescxuft, B. E., M. B. Toapadepr, ¥caoBHo-
pedaerTOpHAA IeSTEIBHOCTD GENRX KPHIC, IOLBED-
THYTHX PeHITEHOBCKONY O00JyYeHNI) B OpeImM-
NIAHTANAOHAOM IIepnofe SMODHOHAIBLHOTO DA3BIH-
THg. B kB.: BingEie HOEH3HpyIMEro H3Iy4eEnsd
T ()HEMIDO BHCIMNX OTAENOB IeETPaTbEOH Heps-
Bo#t cuctemur motonersa. Ilog pex. . A. Inmomt-
ROBCEOTO, Megrns, M., 1961.

Mruxaitaopa, H. T'., B. E. Muriamescrufl, Xapag-
TepHCTHRA YCAOBHO-peAeKTODHOH AeATeIbHOCTH
6eInX KpHC, TOJBEPrHYTHX TraMMa-001yIeHHi
(Co®) B cepexnte meprofa d9MOPHOHAIBHOTO Pas-
ButHg. Tax xe.

InonrroBeruii, H. A., M. B. Toxpgbepr, OTzaaen-
HEle I0ciexcTBHA jelicTBna nommsmpymmef pa-
JHAUMH Ha BHICHINE OTJeIH LeHTpaibEoll HepBHOH
CHCTEMEl KpHC, 00AyIeHEHRX B aHTEHATAJIBHOM Ie-
pHOje paseurHdA. Pagnobmoierma 4: 904-910
(1964).

Cemarnn, B. H., OrnalenEre H3MeReHHA BHcmelt
HepBHOI 1eATEAbROCTH AHTEHATAIPHO MHOTOKDAT-
HO 00iyyeHHHX KpHc. Pagmobuoxorma 4: 911-915
(1964).

Cevarnn, B. H., Bucmasg mepBEaf JeATeIbHOCTH
EpHcC, o0ayueHREMX Ha 18- JeBEbr anTeHATaILHOTO
passurna B go3e 1 p. B ru.: Heeaegoparna Hefi-
po-pagnosnOprodornueckoro  dddexta. M. Al
lInonTrOBCKRUY, pex., Hayra, M., 1966, crp. 114-
130.

Cevarnm, B. H., 0 pagmouyBCTBHTEILEOCTH IEH-
TpaIbuoil HepBHOH cHeTeMH aMGpHoBa. Pagnobuo-
Jorua 8: 506-564 (1968).

Jupnmm, H. H,, 0 mpruupeax pasaoriacifi B Omen-
Ké PajH0YyBCTBUTEILHOCTR HEeRTPaIbEOH BepBHOM
CHCTEMH MeRIy HCCISI0BATEIAMI, TPHMEHSINIH-
MH yCAOBEOpe(IeKTOpEHE n JAa0HpHHETELE MeTo-
1n. Pagmobnoiornsa 7: 790-800 (1967).

. Zappert, J.. Uber réntgenogene foetale Mikroce-

phalie.  Monatsschrift fur  Kinderheilkunde

XXXIII: 490-493 (1926).

Schall, L., Die Folgen Fruchtbestrahlung und
die Frage der Keimschiadigung. pp. 571-577 in
St. Engl, L. Schall, Handbuch der Réntgen-
Diagnostik  und Therapie im Kindesalter.
G. Thieme, Leipzig, 1933.

. Wintz, H.. F. Wittenbeck, Klinik der gyvni-

kologischen Réntgentherapie: I, Die Behandlung
der gutartigen Erkrankungen, p. 323
1V, Stoeckel, Handbuch der Gynikologie, Band
IV, Hilfte 11, J. F. Bergmann, Miinchen, 1933.

1



U
~N

wn
ol

59.

61.

63.

66.

68.

69.

70.

Dekaban, A. S., Abnormalities in children ex-
posed to x-radiadon during various stages of
gestation: tentative timetable of radiation in-
jury to the human fetus, Part 1. J. Nuclear Med.
9: 471-477 (1968).

Murphy, D. P., L. Goldstein, Etiology of the
ill-health of children born after maternal pelvic
irradiation. Part I. Unhealthy children born
after preconception pelvic irradiation, Amer. J.
Roentgenology 22: 207-219 (1929).

Goldstein, L.. D. P. Murphy, Etiology of the
ill-health of children born after maternal pelvic
irradiation, Part 1I. Defective children born after

postconception pelvic irradiation. Amer. J. Roent-
genology 22: 322-331 (1929).

Murphy, D. P., Ovarian irradiation and the
health of the subsequent child. Surg., Gynec. and
Obst. XLVIII: 766-779 (1929).

Goldstein, L., Radiogenic microcephaly. A survey
of nineteen recorded cases, with special refer-
ence to ophthalmic defects. Arch. Neurol. Psy-
chiatry 24: 102-115 (1930).

Yamazaki, J. N., S. W, Wright., P. M. Wright,
Outcome of pregnancy in women exposed to

the atomic bomb in Nagasaki. Amer. J. Dis.
Chil, 87: 448-463 (1954).

. Miller, R. W., Delayed effects occurring within

the first decade after exposure of young indi-
viduals to the Hiroshima atomic bomb. Pedia-
trics 18: 1-18 (1956).

Burrow, G. N., H. B. Hamilton. Z, Hrubec ¢t al.,
Study of adolescents exposed in utero to the
atomic bomb, Nagasaki, Japan. I. General as-
pects: Clinical and laboratory data. Yale J.
Biol. and Med, 34: 430-444 (1964).

Burrow, G. N., H. B. Hamilton, Z. Hrubec,
Study of adolescents exposed in mniero to the
atomic bomb, Nagasaki, Japan. II. Growth and
development. J. Amer. Med. Assoc. 192: 357-
364 (1965).

. Wood, J. W., R. J. Keehn, S. Kawamoto et al.,

The growth and development of children exposed
in utero to the atomic bombs in Hiroshima and
Nagasaki. Amer. J. Public Health 57: 1374-
1380 (1967).

Wood, J. W., K. G. Johnson, Y. Omori et al,
Mental retardation in children exposed in utero
to the atomic bomb—Hiroshima and Nagasaki.
Amer. J. Public Health 57: 1381-1390 (1967).

. Wood. J. W, K. G. Johnson, Y. Omori, In

utero exposure to the Hiroshima atomic bomb.
An evaluation of head size and mental retarda-
tion; twenty years later, Pediatrics 39: 385-392
(1967).

Buncher, C. R., Atomic Bomb Casualty Com-
mission. Personal communication.

Auxier, J. A,, J. S. Cheka, F. F. Haywood et al.,
Free-field radiation-dose distribution from the
Hiroshima and Nagasaki bombings, Health Phys-
ics 12: 425-429 (1966).

Kato, H.. R. J. Keehn, Mortality in live-born
children who were #n utero at time of the atomic
bombs—Hiroshima and Nagasaki, Atomic Bomb
Casualty Commission report 13-66.

89

74.

75.

76.

77.

78.

8L

82.

83.

8s.

86.

. Brill, A, B., M. Tomonaga, R. M, Heyssel, Leu-

kemia in man following exposure to ionizing
radiation. A summary of the findings in Hiro-
shima and Nagasaki, and a comparison with
other human experience. Annals Internal Med.

36: 590-609 (1962).

. Hoshino, T., H. Kato, S. C. Finch et ol., Leu-

kemia in offspring of atomic bomb survivors.

Blood 30: 719-730 (1967).

. Driscoll, S. G., S. P. Hicks, E. H. Copenhaver

et al, Acute radiation injury in two human
fetuses. Arch., Pathol. 76: 113-119 (1963).

Lejeune, J., R. Turpin, M.-O. Rethoré, Résul-
tats d’'une premiére enquéte sur les effets soma-
tiques de I'irradiation foeto-embryonnaire in utero
(cas particulier des hétérochromies iriennes). Rev.
frang. Etudes Clin. et Biol. 5: 982-989 (1960).

Cheeseman, E. A., L. Walby, Intra-uterine ir-
radiation and iris heterochromia. Ann. Hum.
Genet. (Lond.) 27: 23-29 (1963).

Stewart, A., J. Webb, D. Hewitt, A survey of
childhood malignancies. British Med. J. i: 1495-
1508 (1958).

MacMahon, B., Prenatal X-ray exposure and
childhood cancer, J. Nat'l, Cancer Inst. 28: 1173-
1191 (1962).

Tepemernro, H. f., CocTogane nepBHOil cHCTEMH ¥
ZeTell B OTHAIEHHLIE CPOEN TOCAE AY9EBOI0 BO3-
Aeticranga. Tocyaaperseramit KoMATeT 1Mo HCIOAb-
30Bannl0 aroyuoll smeprmm CCCP, M.. 1968: w.e.
United Nations document AfAC.82/G/L. 1261.

Druckmann, A., Schlafsucht als Folge der Ront-
genbestrahlung. Beitrag zur Strahlenempfindlich-
keit des Gehirns. Strahlentherapie 33: 383-384
(1929).

Mupnmopa, T. 1., Ortaiendnie noCIefCTBHA dyde-
Bolt repanun y gereli. Megmomra, J., 1968.

Taasynos, II. C., H. . Tepemenso, O ¢yarmHO-
HATbHOM COCTOSHIH HepBHOH chcTeMu gereft B 0T-
JaleHEBe CPORE I0cXe Iy2eBoro BosgelicTBHA
(anmANKANHOHHOR TaMMaTepaliH TeMAHTHOM KO-
0. Myprax Hesponarozornn u Ilcmxmatpnm 68
(10): 1438-1445 (1968).

Tepemenko, H. f., crp. 31-33 B KE.: CHMIO3EYM
10 feitcTBHIO MAJHX 03 HODH3NpyOmell pajHamin
Ha uepBEyM cncTeMy (pedepaT JORIAX0B).
Muncg, 1968.

Toyooka, E. T., J. W. Pifer, S. L. Crump ef
al.. Neoplasms in children treated with X rays
for thymic enlargement. II. Tumor incidence as
a function of radiation factors. J. Nat'l. Cancer
Inst. 31: 1357-1377 (1963).

Hempelmann, L. H., J. W. Pifer, G. J. Burke
et al.. Neoplasms in persons treated with X rays
in infancy for thymic enlargement. A report
of the third follow-up survey. J. Nat'l. Cancer
Inst. 38: 317-341 (1967).

Hazen, R. W., J. W, Pifer, E. T. Toyooka e¢ al.,
Neoplasms following irradiation of the head.
Cancer Res. 26, Part 1: 303-311 (1966).
Albert, R, E., A, R. Omran, E. W. Brauer et al.,
Follow-up study of patients treated by X-ray for
tinea capitis. Amer. J. Public Health 36: 2114-
2120 (1965).



87.

88.

89.

90.

91.

93.

94.

96.

97.

98.

100.

101.

. Uchimura, Y..

Albert, R. E., A. R, Omran, Follow-up study
of patients treated by X-ray epilation for tinea
capitis. I. Population characteristics, post-treat-
ment illnesses and mortality experience. Arch.
Env. Health. In press.

Schulz, R. J., R. E. Albert, Follow-up study of
patients treated by X-ray epilation for tinea
capitis. III. Doses to organs of the head from
the X-ray treatment of tinea capitis. In press,

Institute of Environmental Medicine, New York
University Medical Center, Research in environ-
mental health sciences: Fifth annual report of
progress, Nov. 15, 1968. N. Nelson, Principal
investigator,

Werner, A.. B. Modan, D. Davidoff. Doses to
brain, skull and thyroid, following X-ray therapy
for Tinea Capitis. Phys. Med. Biol. 13: 247-
258 (1968).

Rust, J. H., B. F. Trum. J. L. Wilding et al,,
Lethal dose studies with burros and swine ex-
posed to whole body cobalt-60 irradiation.
Radiology 62: 569-574 (1954).

. Rajewsky, H., O. Heuse, K. Aurand, Bestrahlung

von weissen Mausen mit hohen Dosen von Rént-
genstrahlen. Strahlentherapie 95: 513-522 (1954).

Langham, W., K. Woodward, S. Rothermel et al.,
Studies of the effects of rapidly delivered massive
doses of gamma rays on mammals. Rad. Res.
5: 404-432 (1956).

Andrews, H. L., Species differences in response
to high radiation doses. Rad. Res. 9: 469-477
(1958).

. Bane, H. M.. W. C, Whithouse, F. Schmidt et

al., Physiological changes in the acute radiation
syndrome in dogs. Rad. Res. 5: 468 (1956).
Abstract.

Trum, B., T. Haley, M. Bossin et al., Effect of
400 R fractional whole-body gamma irradiation
in the burro (Equus. asinus asinus). Am. ],
Physiol. 174: 57-60 (1953).

Gerstner, H. B,, S. P. Kent, Early effects of
head x-irradiation in rabbits. Rad. Res. 6: 626-
644 (1957).

Wilson, S. G.. Radiation induced central ner-
vous system death. A study of the pathologic
findings in monkeys irradiated with cobalt 60,
J. Neuropathol, 19: 195-215 (1960).

Seigneur. L. J.. J. T. Brennan, Incapacitation in
the monkey (Macaca mulaita) following expo-
sure to a pulse of reactor radiations. Report
AFRRI SR 66-2 (1966).

Shipman, T. L., ed., Acute radiation death re-
sulting from an accidental nuclear critical excur-
sion. J. Occupational Med. Spec. Suppl. 3: 146-
192 (1961).

Shipman, T. L., A radiation fatality resulting
irom massive over-exposure to neutrons and
gamma rays, pp. 113-133 4 Diagnosis and
Treatment of Acute Radiation Injury. WHO,
Geneva, 1961,

H. Shiraki. Cerebral injuries
caused by atomic bombardment. J. Nerv. Ment.
Dis. 116: 634-672 (1952),

103.

104.

107.

108.

109.

110.

111,

113.

114.

Shiraki, H., Y. Uchimura et al., Effects of atomic
radiation on the brain in man. A study of the
brains of forty-nine Hiroshima and Nagasaki
casualties. J. Neuropathol. Exp. Neurol, 17: 79-
137 (1958).

Kypmaxkos, H. A, T. 1. Baitcoroaos, A. K. I'ycs-
K0Ba H AP., O COOTHONIEHNN MECTHHY TEAHEBHIX H3-
MeHenn#i © ofmmx peaknpit B pasamynnie (asH
OCTPOr0 JIyYEBOTO CHHIpoMa veloBera. Mex. pa-
xaonorna 11: 15-42 (1966).

. Kypmaros, H. A., pex., Cayuafi ocTpoft xygesofi

0oaesmn y uerosera. Megrus, M., 1962,

. Johnson, H. A, W, E. Haymaker, J. R. Rubini

et al., A radioautographic study of a human brain
and glioblastoma multiforme after the in oivo
uptake of tritiated thymidine. Cancer 13: 636-
642 (1960).

Hassler, O., Incorporation of tritiated thymidine
into mouse brain after a single dose of X-rays.
An autoradiographic study. J. Neuropathol. Exp.
Neurol. 25: 97-106 (1966).

Ordy, J. M., T. Samorajski, W. Zeman ef al.,
Long-term pathologic and behavioral changes in
mice after focal deuteron irradiation of the brain.
Rad. Res. 20: 30-42 (1963).

Ordy, J. M., H. Barnes, T. Samorajski et al.,
Pathologic and behavioral changes in mice after
deuteron irradiation of the central nervous sys-
tem. Rad. Res. 18: 31-45 (1963).

Janssen, P., 1. Klatzo, J. Miquel et al., Pathologic
changes in the brain from exposure to alpha
particles from a 60 inch cyclotron, pp. 383-409
in Response of the Nervous System to Ionizing
Radiation. T. J. Haley, R. S. Snider, eds,, Aca-
demic Press, N.Y., 1962,

Haymaker, W., Effects of ionizing radiation on
nervous tissue, pp. 441-518 in Structure and
Function of the Nervous System, vol. III. G. H.
Bourne, ed. In press.

. Schiimmelfeder, N., Sequence of x-radiation dam-

age in mouse cerebellum, pp. 191-210 in Response
of the Nervous System to Ionizing Radiation,
T. J. Haley, R. S. Snider, eds., Academic Press,
N.Y., 1962,

Haymaker, W.. G. Laguer, W, Nauta ef al.. The
effects of barium-140-lanthanum-140 (gamma)
radiation on central nervous system and pituitary
gland of macaque monkeys. A study of 67 brains
and spinal cords and 77 pituitary glands, 7J.
Neuropathol. Exp. Neurol. 17: 12-57 (1958).

Klatzo, 1., J. Miquel, W. Haymaker et al., Ob-
servations on appearance of histochemically-
demonstrable glycogen in the rat brain as effect
of alpha-particle irradiation, pp. 286-296 in Ef-
fects of Ionizing Radiation on the Nervous Sys-
tem. JAEA, Vienna, 1962,

. Miquel, J., I. Klatzo, D. Menzel et al., Glycogen

changes in x-irradiated rat brain. Acta Neuro-
pathol. 2: 482-490 (1963).

. Lierse, W.. K. Gritz. H. Franke. Histochemical

detection of glycogen and mucopolysaccharides
in the brain of guinea pigs after x-ray irradiation.
Fortschr. Geb. Rontgenstr. Nuklearmed. 103:
612-618 (1965).




117.

118.

119.

120.

126.

131.

Miquel, J., W, Haymaker, Astroglial reactions to
ionizing radiation: with emphasis on glycogen ac-
cumulation, pp. 89-114 in Progress in Brain Re-
search, vol. 15. E. D. P, De Robertis, R. Carrea,
eds., Elsevier Publishing Co., Amsterdam, 1965.

Haymaker, W., E. R. Ballinger, J. Miquel et al.,
TLow-dose effects of ionizing radiation on the
brain in monkeys, Paper presented at 2nd Pan-
american Congress of Neurology, San Juan,

Puerto Rico. Oct. 22-28 (1967).

Brownson, R., D. Suter, D. Diller, Acute brain
induced by low-dosage x-irradiation. Neurology
13: 181-191 (1963).

Hicks, S. P., P. O'B. Montgomery, Effects of
acute radiation on the adult mammalian central
nervous system. Proc. Soc. Exptl. Biol. Med.
80: 15-18 (1952).

. Franke, H. D.. W. Lierse, Ultrastructural radio-

reaction on guinea pig brains. Strahlentherapie,

Sonderbinde 62: 138-142 (1966).

. Lierse, W., H. D. Franke, Early changes in the

ultrastructure of the cerebellum of guinea pigs
following ®°Co irradiation to the head. Strahlen-
therapie 131: 595-602 (1966).

. Van Dyke, D. C., P. Janssen, C. A. Tobias,

Fluorescein as a sensitive, semiquantitative indi-
cator of injury following alpha particle irradia-
tion of the brain, pp. 369-409 in Response of the
Nervous System to Ionizing Radiation, T. J.
Haley, R. S. Snider, eds., Academic Press, N.Y.,
1962.

. Larsson, B., Blood vessel changes following local

irradiation of the brain with high-energy protons.
Acta Soc. Med, Upsal. 65: 61-71 (1960).

. Brightman, M. W, Early effects of intensive

X-ray irradiation of the diencephalon in the rat.
Exptl. Neurol, 1: 97-116 (1959).

AnercamgpoBeras, M. M., Banamme Maimx 703
PEHTTEHOBHX Iy¥eli Ha MOpdoIOrHN meRTpalpHOH
HepBHOH cucTeMn xuBoTHMX. B KA.: Tpyia Bee-
co03H0# KOEQepeHINN 0 MeANIHHCKON pajmoeio-
rag, “JKCHePHMEHTATbHAS MEgWIHHCKAA DAjHO-
aorma”, TI. I. TopusorToB, pex., Mexarns, M., 1957,
¢Tp. 58-61.

. Boudnitskaya, E. V., M. Brinfaut, M. Errera,

Effects of X-rays on RNA and RNA metabo-
lism in HeLa cells. Biochim. Biophys. Acta 80:
567-573 (1964).

. Hydén, H., E. Eqyhazi, Nuclear RNA changes

of nerve cells during a learning experiment in
rats. Proc. Nat'l, Acad. Sci. (US) 48: 1366-
1373 (1962).

. Shashoua, V. Quoted in The Neurosciences.

G. C. Quarton, T. Melnechuk, F. O. Schmitt,
eds.. Rockefeller University Press, N.Y., 1967.

. Andres. K.  H., Electron microscope studies of

structural changes in cytoplasm of spinal ganglion
cells of the rat after irradiation with 183-Mev
protons. Z. Zellforsch. Mikroskip. Anat. 60: 633-
658 (1963).

Goldfeder, A., Cell structure and radiosensitivity.
Trans. N.Y. Acad. Sc. 26: 215-241 (1963).

91

132.

133.

134.

138.

139.

140.

141,

143.

144,

146.

Welling, W., J. A, Cohen, Disturbance of RNA
turnover in the cell nucleus by X-irradiation in
the early phase of liver regeneration. Biochim.
Biophys. Acta 42: 181-182 (1960).

Klouwen, H. M. Radiosensitivity of nuclear
RNA, Biochim. Biophys. Acta 42: 366-368
(1960).

Lucas, D. R., The effect of X-radiation on the
mouse retina at different stages of development.
Int. J. Rad. Biol. 3: 105-124 (1961).

. Lucas, D. R., R. H. Mole, Exponential survival

of the visual cells of the retina of mice irradiated
in vivo. Int. J. Rad. Biol. 9: 97-98 (1965).

. Hager, H., W. Hirschberger, A. Breit, Electron

microscope observations on the x-irradiated cen-
tral nervous system of the Syrian hamster,
pp. 261-275 in Response of the Nervous System
to Ionizing Radiation. T. J. Haley, R. S. Snider,
eds., Academic Press, N.Y., 1962.

. Maxwell. D. S., L. Kruger, Small blood vessels

and the origin of phagocytes in the rat cerebral
cortex following heavy particle irradiation. Exptl.
Neurol, 12: 33-54 (1965).

Arnold, A. P. Bailey, J. Laughlin, Effects of
betatron radiation on the brain of primates. Neu-
rology 4: 165-178 (1954).

Arnold, A., P. Bailey, R. Harveyv ¢¢ al., Changes
in the central nervous system following irradia-
tion with 23 Mev rays from the betatron, Radiol-
ogy 62: 37-46 (1934),

Yamamoto, Y. L., L. E. Feinendegen, V. P. Bond,
Effect of radiation on the RNA metabolism of
the central nervous system, Rad. Res. 21: 36-45
(1964).

Gregersen, M. 1., C. Pallavicini, S. Chien, Stu-
dies on the chemical composition of the central
nervous system in relation to the effect of X-
irradiation and of disturbances in water and salt
balance. Rad. Res, 17: 226-233 (1962).

. Cammermayer, J., W. Haymaker, Response of al-

kaline glycerophosphatase in the macaque brain
to cobalt 60 (gamma) irradiation. J. Neuropa-
thol. Exptl, Neurol. 17: 58-78 (1938).

Bmxepr, T. M., 8. H, Kamgeas, @, M. Jacc, Ircne-
PHMEHTaALHOE HBYUEHIE PeakTHBERIX HBMEHEHHi B
TOIOBIOM MO3FY IIOcie HETpalepe(paibHOTO BBE-
IeHEHA PATUOAKTHBHOLCG KOJIOHIHOTO 3010Ta. Men.
pan. 4: 59-62 (1959).

Buxepr, T. M., 3. H. Kamgers, ®. M. Jscc, Tucro-
HATOI0TAYECKIIe H3MEHEHUS B NEHTPaIsHOH Heps-
HOHf cHCTewe IIpH HeNOCDEICTBEHEOM BBEICHAHN B

M08T PajH0aKTHBHOTrO 3010Ta. APXHB. maT, 3: 48-53
(1960).

. Jace, @. M., T. M. Buxepr, 3. . Kanzeas, dxcme-

PUMEATAIbHEOE O00OCHOBaHHIEe NPHMEHEHHS TIpaiyl
PATHOAKTHBHOTO HTTPHS B HeltpoOEROIOTHH, TpyAH
VIII Beecowosnoro cresga peETTeHOIOT0B H PAIHO-
aorop. Megunuma, 1966, ctp. 466-470.

Lyman, R., P. Hupalov, W. Scholz, Effects of
roentgen rays on the central nervous system. Re-
sults of large doses on the brains of adult dogs.
AM.A, Arch, Neurol. Psychiat. 29: 356-87
(1933).



147,

148.

149.

150.

154.

157,

160.

161.

Scholz, W., Tber die Empfindlichkeit des Gehirns
fiir Roentgen und Radiumstrahlen. Klin. Woch-
schr. 9: 189-193 (1935).

Scholz, W., Experimentelle Untersuchungen iiber
die Einwirkung von Roentgenstrahlung auf das
reife Gehirn. Z. Ges, Neurol. Psychiat, 150: 765-
785 (1934).

Bnonsosa, A. ®., THcTonaT010THIECKIIe H3MEREEHENA
TeBTpasbHOI HePBHON CHCTEMH ¥ c00ak B oTfalen-
HHle CPOKH Nocie 0OIIEro MHOTORPATHOTO pPeHTTe-

HOBCKOT0 00iydemus. Bmai, skcmep. 6moa. H Mef,
3:106-110 (1961).

Bnongosa, A. @., B. I1. llonomaprkos, Mopdoiorn-
YeCKNe H3MEReHHs y codak B OTEANEHEBE CDOKH
nocie o6Imero peHTIreHOBCKOT0 06aydenns. Papmo-
Omozorna 1: 769-773 (1961).

. Scholz, W., E. Duche, A. Breit, Experimentelle

Roentgenspitschiden am Riickenmark des er-
wachsenen Kaninchens. Ein weiterer Beitrag zur
Wirkungsweise ionisierender Strahlen auf die
zentralnervose Gewebe. Psychiat. Neurol. Japan

61: 417-442 (1959).

. Boellaard, J. W., W, Jacoby, Rontgenspitschiden

des Gehirns. 10: 533-564

(1962).

Acta Neurochir.

. Zeman, W. A. Carsten, S. Biondo, Cytochem-

istry of delayed radio-necrosis of the murine
spinal cord, pp. 105-126 in Response of the Ner-
vous System to Ionizing Radiation. T. ]J. Haley,
R. S, Snider, eds., Little, Brown and Co., Boston,
1964.

Hassler, O., A. Movin, Microangiographic stu-
dies on changes in the cerebral vessels after ir-
radiation. I. Lesions in the rabbit produced by
%Co y-rays, 195 kv and 34 MV Roentgen
rays. Acta Radiol. 4: 279-288 (1966).

. Vogel F. S., J. E. Pickering, Demyelinization

induced in the brains of monkeys by means of
fast neutrons. J. Exp. Med, 104: 435-441 (1956).

. Arnold, A., P. Bailey, R. Harvey ef al., Changes

in the central nervous system following irradia-
tion with 23 Mev rays from the betatron, Radiol-
ogy 62: 37-46 (1954).

Arnold, A.. P. Bailey, R. Harvey, Intolerance
of the primate brainstem and hypothalamus to
conventional and high energy radiations. Neurol-
ogy 4: 575-585 (1954).

. Clemente, C. D., J. Yamazaki, L. Bennett ¢: al.,

The effects of ionizing X-irradiation on the adult
and immature mammalian brain, pp. 282-286 in
Proc. 2nd Int’l. Symp. Peaceful Uses Atomic
Energy, vol. 22. United Nations, N.Y., 1958.

. Clemente, C. D., H. E. Richardson, Some ob-

servations on radiation effects on the blood-brain
barrier and cerebral blood vessels, pp. 411-428
in Response of the Nervous System to Ionizing
Radiation. T. J. Haley. R. S. Snider. eds., Aca-
demic Press, N.Y., 1962,

Gozzano, M., G. C. Reda, Riv. Neurol. 29: 145
(1949).

Zeman. V., Histologic events during the latent
interval in radiation injury. Brookhaven XNa-
tional Laboratorv report BNL 11218 (1967).

92

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174,

175.

176.

. Berg, N. O,

M. Lindgren, Relation between
field size and tolerance of rabbit's brain to roent-
gen irradiation (200 kV) via a slit-shaped field.
Acta Radiol, 1: 147-168 (1963).

Pennybacker, J.. D. S. Russell, Necrosis of the
brain due to radiation therapy. J. Neurol. Neuro-
surg. Psychiat, 11: 183-198 (1948).

Kahr, H., Zur Kenntnis des anatomischen Bildes
und des Entstehungsmechanismus der Strahlen-
enzephalopathie. Radiol. Austriaca 9: 159-174
(1957).

Lindgren, M., On tolerance of brain tissue and
sensitivity of brain tumours to irradiation. Acta
Radiol. Suppl. 170 (1958).

Boden, G., Radiation myelitis of the cervical
spinal cord. Brit. J. Radiol. 21: 464-469 (1948).

Boden, G., Radiation myelitis of the brain stem.
J. Faculty of Radiologists 2: 79-94 (1950).

Haymaker, W., M. Z. M. Ibrahim, J. Miquel,
Delayed radiation effects in the brains of mon-
keys exposed to x rays and vy rays. J. Neuro-
pathol. Exp. Neurol. 27: 50-79 (1968).

Cervos-Navarro, J., Delayed injuries of the cen-
tral nervous system after cranial irradiation, pp.
267-268 in Proc. 3rd European Regional Conf.
Electron  Microscopy at Prague (1964).
M. Titlbach, ed., Publishing House of the Czecho-
slovak Academy of Sciences. Prague 1965.

Brownson, R. H., D, B. Suter, J. L. Oliver,
Acute brain damage induced by X irradiation
with special reference to rate and recovery factors.
Neurology 13: 1011-1020 (1963).

Hicks, S. P.,, K. A, Wright, C. J. D'Amato,
Time-intensity factors in radiation response. II.
Some genetic factors in brain damage. AM.A.
Arch. Pathol, 66: 394402 (1938).

Caveness, W, F., A, Carsten, J. P. Schadé, Func-
tional and structural alterations following x ir-
radiation of the cerebral cortex in the monkey,
pp. 784-787 in Proc. 5th Int'l. Congr. Neuro-
pathol. Excerpta Med. Int’l. Congr. Ser. No. 100,
Amsterdam.

Fumagalli, Z., A. Santoro, G. Pisani, Effets des
radiations ionisantes sur l'infrastructure des neu-
rones du noyau supra-optique du rat, pp. 361-
365 in Effects of Ionizing Radiation on the Ner-
vous System. JAEA, Vienna, 1962,

Hallén, O., A. Hamberger, B. Rosengren, Quan-
titative response of neurons to x irradiation:
total organic mass, succinoxidase activity, potas-
sium permeability and RNA content in isolated
cells. J. Neuropathol. Exp. Neurol. 26: 327-334
(1967).

Zeman, W, H. J. Curtis, Metabolic and histo-
chemical studies on direct radiation-induced
nerve cell necrosis, pp. 141-147 in Proc. 4th
Int'l. Congr. Neuropathol., vol. 1. H. Jacob, ed.,
Thieme Verlag, Stuttgart, 1962.

Rose, J. E., L. 1., Malis, L. Kruger et al., Effects
of heavy ionizing monoenergetic particles in the
cerebral cortex, 1I. Histological appearance of
laminar lesions and growth of nerve fibers aiter
laminar destruction. J. Comp. Neurol. 115: 243-
296 (1960).




179.

180.

181.

182.

183.

186.

187.

188.

189,

190.

191,

192.

. Estable-Puig. J. F.,, R. F. de Estable, C. Tobias

et al., Degeneration and regeneration of myelin-
ated fibers in the cerebral and cerebellar cortex
following damage from ionizing particle radiation.
Acta Neuropathol. 4: 175-190 (1964).

. Kruger, L., C. D. Clemente, Anatomical and

functional studies of the cerebral cortex by means
of laminar destruction with ionizing radiation,
pp. 84-104 in Response of the Nervous System
to lonizing Radiation. T. J. Haley, R. S. Snider,
eds., Little, Brown and Co., Boston, 1964.

Jones, A., Transient radiation myelopathy (with
reference to Lhermitte’s sign of electrical paraes-
thesia). Brit, J, Radiol. 37: 727-744 (1964).

Sjostrand, J., Effect of X-irradiation on morpho-
logical and proliferative changes of neuroglia
during the retrograde reaction after crushing the
hypoglossal nerve. Exp. Neurol. 20: 384-393
(1968).

Caster, W, O,, E. S. Redgate, W, D. Armstrong,
Changes in the central nervous system after
700 R total-body X-irradiation. Rad. Res. 8: 92-
97 (1938).

Mnraes, . ®., IIsmenernsa B NeATpaIbEOR HEpEB-
HOHl cHcTeMe OPH JOKATBHOM BosfgelicTBHH HA Hee
perETrenoBcrnx aygeft. Jypm. obmeft Guozormn
15:401-412 (1954).

Timiras, P, S., D. E. Woolley, A. J. Silva e¢ al.,
Changes in the electrical activity of the olfactory

cortex induced by radiation and drugs. Rad. Res.
30: 391403 (1967).

Aiagwaaopa, H. A., Mejgiennsle SJeRTpHUECEHE
npomneccH B roiosmonm moary. Jumec., M., 1959.

. Court, L., Effets d'une irradiation gamma globale

non létale sur les activités électroencephalogra-
phiques spontanées et évoquées du lapin adulte.
Rapport CEA-R-3693 (1969).

Gangloft, H., T. J. Haley, Effects of X-irradia-
tion on spontaneous and evoked brain electrical
activity in cats. Red. Res. 12: 694-704 (1960).

Tpuropses, 10. T., J. Bacuukos, Bocupuartue
HOHW3HpYyDmeli pagnammo opramuayoM. Mex. pa-
xmoa. 8:85-91 (1963).

Gangloff, H., Hippocampal spike activity follow-
ing low doses of radiation, pp. 574-620 in Re-
sponse of the Nervous System to Ionizing Radia-
tion. T. J. Haley, R. S. Snider, eds., Little,
Brown and Co., Boston, 1964.

Monnier, M., L. Hésli. Action of gamma radia-
tions on retinal, geniculate and cortical responses
to photic stimulation. 7bid., pp. 541-553.

Court, L., P. Magnien, M. Avargues et al., Modi-
fications immédiates des potentiels évoqués vi-
suels chez le lapin adulte soumis a une irradia-
tion 7y globale non létale. C. R. Acad. Sc. Paris
266: 1160-1162 (1968).

Avargues, M., L. Court, P. Laget, Influence de
lirradiation globale sur les potentiels évoqués
visuels chez le lapin adulte. J. Physiologie 61,
Suppl. 1: 81 (1969).

Eldred, E., W. V. Trowbridge, Neurological and
EEG findings in the monkey after total body

X-irradiation. Electroencephalog. Clin, Neuro-
physiol. 5: 259-270 (1953).

93

193.

194,

195.

196.

197.

198,

199.

200.

201.

202.

203.

204.

205.

208.

209.

. Peacock, L. J., W. T. James, Effects

Ross, J. A. T., S. R, Leaviit, E. A, Holst et al..
Neurological and electroencephalographic effects
of X-irradiation of the head in monkeys. Arch.
Neurol. Psychiat. 71: 238-249 (1934).

Tpuropses, I0. T., MaTepnais K I3yIeNNl peak-
muit meETpaIbEONl HEPBHOH CHCTEMH Yel0BeKa HA
HOENBApYHIMee mnaIywenme, Mearms, M., 1938.

Rosenthal. F., P. S, Timiras. Prepyriform elec-
trical activity after 250 R whole-body x-irradia-
tion in rats. Am. J, Physiol, 204: 63-67 (1963).

Rosenthal, F., P. S. Timiras, Changes in brain
excitability after whole-body x-irradiation in the
rat. Rad. Res. 15: 648-657 (1961).

Sherwood, N, M., G. P. Welch, P. S. Timiras,
Changes in electro-convulsive threshold and pat-

terns in rats after X-ray and high-energy proton
irradiation, Rad. Res. 30: 374-390 (1967).

Jdebepunckmit, A, B., 3. H. Haxnaranoras, Bana-
HEe HOHHSHPYOIINX K3IyYeHHil HA HepBHYM CH-
cremy. Arommsgart, M., 1960.

frcom, 3. A., DierTpodanoIOTHYECROE H3YUEHHE
H3MeHeHHll, HAaCTYHAWMNX B yCJI0BHO-ped:iIeKTop-
HOH JeATeIPHOCTH KPOARKOB IOCIE TOTATbHOIO M
MapOaIpHOT0 BO3NelicTBHA DEeRTTeHOBRIMI Jyya-
un, Tpyaw Bceecowsmoff kordepeRIHH 10 Mexd-
DEACKOi pagmoxornn. Megrus, M., 1957, cp. 23-28.

Jusanos, M. H., Heroropsie mpodaewsr jeficTBHA
HOENSHpyWINel pajmaniid HA HEPBEYH CHCTEMY.
Megrms, M., 1962.

Metizepos, E. C., B ¢0.: Bangane $aKrTopoB KOCMH-
9ecKOro ToJaera Ha GYHRINMN OeHTpaibaoft HepBHOH
cicrexsl. Hayka, M., 1966.

Boesoxmua, 0. H., OriazenEne pe3yIbTaTH BO3-
mefictBRa aygefi PenTrema Ba BHICHYI0 HEPBHYIO
TeaTersrocTh cofag. Mepmmomma, J., 1967,

Cnmsag, E. II., ctp. 27-29 B EKH.: CHMIO3NYM IO
ZellcTBA MAJHX 03 HOHNSHpYyOIMeid pajgHanHi
Ha OEETPAIbHYI HEPBEYK cHcTeMy. Mmmck, 1968.

Tpuropres, I0. I'., B. A. Maprexos, B. I1. Ilonos
T Ip., K 9KcHepHMeHTaIbHOMY O0OOCHOBAHHIO J0-
MYCTHMHX [03 DPAgHANAN OpH IINTEIHHRX KOCMH-
YecKNX moderax (mpoBegenHe “XPOHHYECKOTO IKC-
nepuMenTa” Ha cobakax). Kocyiuecrad 6HoI0rHA
1 MegmmuEa 5: 3-8 (1968).

MnonaTkoBerud, W, A., M. T, Afipanerant, Brusnue
MaJHX 103 HOHNBHDPYOIIETro H3IyYeHEHs Ha Iponec-
Cul BHYTPEHHET0 TOPMOZKeHHI y cobax. Paznobmo-
Jorus 2: 233-241 (1961).

of repeated
small doses of gamma radiation on conditional
reflexes, pp. 625-631 in Response of the Nervous
System to Ionizing Radiation. T. J. Haley,
R. S. Snider, eds., Little, Brown and Co.. Boston,
1964.

. Furchtgott, E.. Behavioral effects of ionizing

radiations: 1955-61. Psychol. Bull. 60: 157-199
(1963).

Kimeldorf, D. J., E. L. Hunt, Ionizing Radia-
tion: Neural Function and Behavior. Academic
Press, N.Y., 1965.

Court, L., P. Magnien, M. Avargues et al.. Modi-
fications de la vigilance chez le lapin adulte



210.

216.

soumis & une irradiation y globalé non létale.
C. R. Acad. Sc. Paris 266: 1052-1055 (1968).

Oxmmep, T. B., Peaknusa EepBEOii CHCTEMH IPH Iy-
4eBoli TepamHH YYacTROB, He 3aTPaTHBAIIIHX TO-
JopH0ft 0 comEHON MO3T. CHMIO3EYM mo ZelicTBHE
MaIHX [03 HOEH3HPYWIOelf pagHamil Ha IeH-
TpaIbHYW HePBHYK cucreMy. DMumek, 1968,
cTp. 19-21.

. E¢muosa, A. C., IIoporn YyBCTBHTEIBHOCTH H XpO-

HOKCHA EORHOTO ¥ ONTHYECKOT0 AaHAIN3aTOPOB
aogeft mpn BosfeficTBEH HOHMSHpYOHeH pajma-
mun. AsTopedepaT EaHi. FuccepT., M., 1968,

. Audiat, J., Action du rayonnement X sur les para-

métres d'excitabilité du nerf. Compt. Rend. Soc.
Biol. 110: 3653-367 (1932).

. Audiat, J.,, D. Auger, A. Fessard, Etude des

potentiels d'action des nerfs soumis au rayon-
nement X. Comparaison avec 'action des rayons
uitraviolets, Compt. Rend. Soc. Biol. 116: 880-883
(1934).

. Wilson, B.,, M. Cohen, The essentiality of acetyl-

cholinesterase in conduction. Biochim. Biophys.
Acta 11: 147-156 (1953).

. Gaffey. C. T., Bioelectric effects of high energy

irradiation on nerve, pp. 277-296 in Response of
the Nervous System to Ionizing Radiation. T. J.
Haley, R. S. Snider, eds., Academic Press, N.Y.,
1962.

Linder, E., Uber das funktionelle und morpho-
logische Verhalten peripherer Nerven langere Zeit
nach Bestrahlung. Fortschr. Gebiete Rontgen-
strahlen Nuklearmed. 90:618-624 (1959).

Gasteiger. E. L., J. R. Daube, A comparison of
the effects of ultraviolet and ionizing radiations
on electrical characteristics of nerve, pp. 27-41 in
Effects of Ionizing Radiation on the Nervous
System. TAEA, Vienna, 1962.

. Vanselow, K., The effect of ionizing radiation on

the variation of nerval excitation threshold level.
Atomkernenergie 11: 493-495 (1966).

Seymour, R., K. B. Dawson, Variation in the
response and threshold to electrical excitation of
X-irradiated isolated frog nerve with dose and
dose-rate. Int'l, J. Rad. Biol. 12: 1-11 (1967).

. Seymour, R.. K. B. Dawson, Effects of X-rays

combined with other agents on the excitability
of frog sciatic nerve. Int’l. J. Rad. Biol. 13:
171-178 (1967).

Sato, M., G. Austin, Acute radiation effects on
mammalian synaptic activities, pp. 279-289 in
Response of the Nervous System to Ionizing
Radiation. T. J. Haley, R. S. Snider, eds., Little
Brown and Co., Boston, 1964.

. Lott, J. R., Changes in ventral root potentials

during x-irradiation of the spinal cord in the cat,
pp. 85-92 in ILffects of lonizing Radiation on
the Nervous System. JAEA, Vienna, 1962,

. Carregal, E. J. A, An investigation of acute subtle

effects of moderate to low doses of radiation on
synaptic mechanisms. Report SRIA-115, pp. 1-53
(1966). Stanford Research Inst., Menlo Park,
Calif.

94

233.

234,

235.

236.

. McDonald, L. W., R. G. Plants,

. Rosen, D.. K. B. Dawson, Search for immediate

effects of X-radiation on frog nerve-muscle prepa-
rations. Rad. Res. 12: 357-370 (1960).

. Ymsmungasd, A. E., Ousnozornuecknfi aEains po-

TH CHEANCA B HapYUIERNAY IeATeIbHOCTH HEDPBHO-
MBEIIIEYHOT0 alnapara upH obnyuesnu. Pazmobmo-
aoria 8: 403-407 (1968).

. Allen, N,, J. G. Nicholls, Presynaptic failure of

neuromuscular propagation after X-irradiation,
pp. 51-61 in Effects of Ionizing Radiation on the
Nervous System. TAEA. Vienna, 1962,

. Mmxseraxse, A. B, T. M. Kyuepenro, IIpamoe m

OMOCPEfOBaHHOE BINARNE PAjiHANHE EA Tepezrauy
BO30YELCHNA B BepIHeM meliE0M cHMTATHUECEOM
TauraHn Kok, Paguebuoaornsa 8:624-627 (1968).

. Jemnnura, H. C., Hccaegoanne penmenmen o6ay-

YEeHHLIX YYACTKOB TelAa B BECHEDHMEHTE Ha. KHBOT-
gHx. Mex. pagumox. 8: 17-20 (1959).

. Jexummra, H. C., O AeR0TOPHI H3MeHEHMAX perel-

TODHELX CHCTeM IO BIASHUEM Jyueff peHTTeHa.
B rn.: Tpyasr Beecowsuofi kOH(GEpERIHE 1O Me-
IAMHHCKOR DPAXFOIOTHH., DKCIEPHMEHTAIPHAS Me-
gumnHCcRas paxnozorua. II. 1. TopmsouTos, pef.,
ML, 1957, ctp. 28-34.

. Barnes, C. D., Afferent neural activity elicited by

low-level radiation, pp. 700-707 in Response of
the Nervous System to Ionizing Radiation. T. J.
Haley. R. S. Snider. eds., Little, Brown and Co.,
Boston, 1964.

. HMmmmcxutt, 0. B., E. H. Komapog, Jefictere Oeta-

H3AyYeHNA Ha OH03JIEETPHUECKYI0 aKTHBHOCTH OFH-
HOUYNOr0 HepBHOTO OROHUAHWA (Temsma Ilaymmm).
Pagmobmonorns 3: 216-219 (1963).

Vestibular
organs: radiation effects on structure and func-
tion. University of California, Lawrence Radiation
Laboratory report 17751 (1967).

Haymaker, W., M. Lindgren, Nerve disturbances
following exposure to ionizing radiation, Chapter
13 in Handbook of Clinical Neurology. North-
Holland Publishing Co., Amsterdam. In press.

Taasymos, 1. C., B. B. Buaarosemenckad, Kamam-
EO-(DU3HOIOTHUECKAS XADPAKTEPACTHRA COCTOSHNS
HEPBHOI cHETEMH IpH ocTpolt Jyuenol 60aesEH ge-
noBexa (ocTpaf ayueBad 00i1esEb H ee IOCIEN-
CTBHS), ¢TD. 44-78 B “0 FelicTsiN HONH3HPYIOIMAX
H3IyueEnfi Ha HEPBHYI CHCTeMY 4eJ0BERa”,
Yacrp 2. TocyrnapeTBenEHit KoMiTeT 00 HCIOIB30-
Bammio atommaoli smeprim CCCP, M., 1968; w.e.
United Nations document A/AC.82/G/L. 1264/
Add. 1.

KosHoBa, 1. B., O60rATe bHNe HADYIERId ¥ Xofel
opu ayueBom Bosgeffcteum Meg. pagmoi. Ne 2:
26-30 (1957).

dareena, M. I1.. A, I, Tlonusoscrasn, B, B. Coroaos
1 1p., HagaanELle peakmun opragEnsyMa Ie10BeRa Ha
Bo37eiicTene moEmsupyomeff pagmammm. Mez. pa-
TmoaorHa 5: 3-6 (1960).

. I'ycrrosa, A, K., OcEOBHEbIe IPHENNNE ANATHOCTH-

RN xpormdeckofi avueBoit Goaesmm. Mex. paimoio-
riua 71 77-85 (1962).

. Joummaag, M. II., ¥0. I'. T'puropses, H. I'. Japes-

¢Easg T Ap., OTiaieEnHe HaGINZEHNA 3a IOTHMM,
IogBepraBONIDMICS JyueBoif Tepammu. Med. pagmo-
Jorms 7: 10-15 (1962).




239.

241.

[\
Ny
SV

243.

244,

246.

247.

248.

249,

250.

251.

252.

253.

254.

255.

256.

. Lipetz L., The x-ray

Koszzgosa, J. B., 00onaTe pENe RapymeRHd ¥ J10-
Aeft mpn ayuesoM BosfeficTsmm. Mej. pagmoIorns
Ne 2: 26-30 (1957).

T'aasynos, II. C., B. B. Baarosemencras, I'. H.
MapTthHOBa, KINHHEO-(U3NOJOrMYECKie METONH
Hecleg0BAHNA ACTEHINYEeCKOT0 CHHADOMA, BO3HHRK-
mWero y I KOETAKTHPYRIINX ¢ NMOHE3APYIOMIM
naaygerneN, c¢rp. 30-43 B “0 gelicTBHI NMOHH3IN-
DYOMHX H3xy4eniii Aa HEPBHYIO CHCTEMY ‘elX0Be-
5a”, Yacts 2. Tocyrapereermnit Koxnrer mo me-
T0Ip30BAENIC aToMHOL sEeprm CCCP, M., 1968.

Desjardins, A. Action of roentgen rays and ra-
dium on the eye and ear. Experimental data and
clinical radiotherapy. Am. J. Roentgenol. 26:
639-679 (1931).

and radium phosphenes.
Brit, J. Ophthalmo. 39:577-598 (1955).

Lipetz, L., Effects of ionizing radiation on visual
function, pp. 533-542 in Response of the Nervous
System to Ionizing Radiation. T. J. Haley, R. S.
Snider, eds., Academic Press, N.Y., 1962,

Typrosofi, I'. K., E. 0. Bypaanckas, 3pHreapunie
OmYUWIeHNs, BHBLBaeMEle DEHTTEHOBCKNM o6ayde-
HHeM TJ1a33 103aMH HOPSIka MUIIApeHTreHa. Bro-
¢manka 4: 708-713 (1959).

. Typrosof, I'. K., E. 0. Bypasucraa. Iloporosas pe-

aKTHBHOCTD PABIMYHHX 00iacTefl ceTdaTRn uexo-
BeE3d K DPeHTTeHOBCKOMY mH3ayyemno. Buodusmia
5:474-479 (1960).

Pape, R., J. Zakovsky, Die Réntgenstrahlensen-
sibilitit der Retina. Fortschr, Gebiete Rontgen-
strahlen 80:635-71 (1954).

Granit, R., Receptors and Sensory Perception.
Yale Univ. Press, New Haven, Conn., 1955,

Noell, W., Cellular physiology of the retina. J.
Opt. Soc. Am. 53: 36-48 (1963).

Elenius, V., E. Sysimetsa, Measurement of the
human electroretinographic roentgen threshold
dose. Acta Radiol. 48: 465-469 (1957).

Bachofer, C. S., S. E. Wittry, Electroretinogram
in response to X-ray stimulation. Science 133:
642-644 (1961).

Hull, C, J. Garcia, N. Buchwald et al., Role of
the olfactory system in arousal to x-ray. Nature

205: 627-682 (1965).
Cooper, G., D. Kimeldorf, Effects of brain lesions

on EEG activation by 35 kvp and 100 kvp x-rays.
Int’l. J. Rad. Biol. 9: 101-105 (1965).

Cocper, G. P, D. J. Kimeldorf, The effect of
X-rays on the activity of neurons in the rat
olfactory bulb. Rad. Res. 27: 75-86 (1966).

Garcia, J., N. Buchwald, B. Feder et al., Sen-
sitivity of the head to x-rays. Science 144: 1470-
1472 (1964).

Cooper, G. P., D. J. Kimeldorf, Responses of
single neurons in the olfactory bulbs of rabbits.
dogs, and cats to x-rays. Experientia 23: 137-
138 (1967).

Smith, J. C., H. L. Taylor, Immediate detection
of x-rays by the rhesus monkey. Rad. Res. 35:
528 (abstract) (1968).

95

257.

260.

263.

264.

265.

266.

268.

269.

270,

271,

272.

273.

Garcia, J., D. J. Kimeldorf, The effects of
ophthalmectomy upon responses of the rat to
radiation and taste stimuli. J. Comp. Physiol.
Psychol, 51:288-291 (1958).

. Gasteiger, E. L., S. A. Helling, X-ray detection

by the olfactory system: ozone as a masking
odorant. Science 154: 1038-1041 (1966).

. Ismmg, A. B, 10, T. T'puropses, KoairyecTBeEEAA

XapakTePHCTHRA YYBCTBHTEIBHOCTH IeERTpaIbHOL
HeDBHOH CHCTEMH E HOHM3HPYOIIENMY H3IVIEHHD.
Bro1a. skcmeprM. 0mo1, m Med. 1: 26-29 (1960).

Japercraga, H. I'., A, B. IIsmma, K Bonpocy o za-
BHCHMOCTH MEKIY PagHOYYBCTBITEILEOCTHI0 HEPB-
HOif CHCTeMHI IT AyJeBoit MOPa/RAENOCTHI0 KIBOTHEIX.
Pagnobnoaorns 2: 468-472 (1962).

. Ismme, A. B., Hommsnmpypmas pagHamus Rak

pasjgpainTens HepBHOH cHeTeMH. JnccepTamms.
Hapg-8o AMH CCCP, M., 1964.

. Cooper, R., D. J. Kimeldorf, EEG desynchroniza-

tion in irradiated rats with transected spinal cords.
Science 143: 1040-1041 (1964).

Andrews, H., D. Petersen. Variations in radia-
tion recognition by the mouse. Rad. Res. 17:
514-520 (1962).

Peacock, L. J., J. A. Watson, Radiation-induced
aversion to alcohol. Science 143: 1462-1463
(1964).

S_rnith, J. C., D. D. Morris, H. Hendricks, Con-
ditioned aversion to saccharin solution using high
dose rates of x-rays as the unconditioned stimulus.

Rad. Res. 22: 507-510 (1964).
Garcia, J., D. J. Kimeldorf, R. Koelling, Con-
ditioned avoidance to saccharin resulting from

exposure to gamma radiation. Science 122;157-
158 (1955).

. Levan, H., R. Haas, H. Sassoon et al., Thyroid

doses for conditioned avoidance behaviour using
low dose rate gamma radiations. Acta Radiol. 7:
141-147 (1968).

Kimeldorf, D. J., J. Garcia, D. O. Rubideau,
Radiation-induced conditioned avoidance behaviour
in rats, mice and cats., Rad. Res. 12: 710-718
(1960).

Harlow, H. F., Effects of radiation on the central
nervous system and on behavior—General Survey,
pp. 627-644 in Response of the Nervous System
to Tonizing Radiation, T, J. Haley, R. S. Snider,
eds., Academic Press, N.Y., 1962.

Garcia, J., D. J. Kimeldorf, Some factors which
influence radiation-conditioned behavior of rats.
Rad. Res. 12: 719-727 (1960).

Barnes, C. D., Peripheral neural paths mediating
avoidance of radiation in rats. Am. J. Physiol.
203: 379-382 (1962).

Hagapefimsuag, K. III., O pamEAX peaRmHAX cep-
XEYHO-COCYANCTON cHCTeME RNBOTHHIX HAO BHENTHEE
Bo3feficTBNe MOHABHpyomero m3nyuenHd. I131-Bo
AH Tpysuarckofi CCP, Tomrancm, 1963. Auccepra-
ma4.

Painter, E., C. Prosser, M. Moore. Physiological
observations of rabbits exposed to single doses of
x-rays, pp. 147-181 in Biological Effects of Ex-



276.

285,

286.

287,

288.

289,

ternal X- and Gamma Radiation. USAEC report
TID-5220, part 2 (1956).

. Brooks, P., H. Gerstner, S. Smith, Early hypo-

tension induced in the rabbit by whole-body x-irra-
diation. Am, J. Physiol. 186: 532-536 (1956).

. Gerstner, H., P. Brooks, F. Vogel et al., Effect

of head x-irradiation in rabbits on aortic b_lood
pressure, brain water content and cerebral histo-

logy. Rad. Res. 5: 318-331 (1956).

Prosser, C., E. Painter, H. Lisco et al, _’1_‘he
clinical sequence of physiological effects of ionizing
radiation in animals. Radiology 49: 299-313
(1947).

. Weber. R., F. Steggerda, Histamine in rat plas-

ma: correlation with blood pressure changes
following x-irradiation. Proc. Soc. Exp. Biol. Med.
70: 261-263 (1949).

. Kamgop, WM., JuEaMHEa apTePHAILHOTO AaBIEHIA

y Kphic mpu obmiem obxyuennd. Meg. pagnmozornd
7:70-72 (1962).

. Swann, M. B. R., A study of the immediate

effects of x-ray on the functions of certain tissues
and organs. Brit. J. Radiol. 29: 195-220 (1924).

. Koxapos, E. I1., Pedaercs ¢ penentopos BEYTpEH-

HNY OPTal0B Ha KPOBAHOE JaBIeHHE H JEXaHNe OpH
BO3jelicTBIN HOEH3HpYIOmeld pagnanuy. B k8.: Bo-
npocs pagmodnozoruyt, Hsp-so IlerTpajibHOr0 Ha-
yUHO-HCCXEN, PEHTTeHO-PajiHol. UE-Ta MHH3IpaBa
CCCP, Tox 2, ctp. 93-101 (1957).

. Brooks. P., The prompt effects of whole-body

irradiation at a high dose rate on the electro-
encephalogram of monkeys. Rad. Res. 4: 206-216
(1956).

. Peng, M., S. Chien, M. T. Gregersen, Effect of

large doses of head irradiation in dogs. Am. J.

Physiol. 194: 344-350 (1958).

. Phillips, R., D. J. Kimeldorf, The effect of whole-

body x-irradiation on blood pressure in the rat.
Rad. Res. 18: 86-95 (1963).

. Cumpmopa, H. II., 3Havenne Hapymiednd NeH-

TPaJLHOfl BEereTaTHBEOH perylsfliE B NOpameRHH
CepIeTH0-COCYCTON CHCTeMH TpH BoafelcTBHN
nonxsupywmedi paguanmd. Pagmobmoxorna 2:
228-233 (1962).

Ryzewski, J., Changes of arterial blood pressure
in acute radiation disease, Arch. Intern. Pharma-
codynam. 140: 484-493 (1963).

3apengag, 0. M., ImrepolenTiBHEe DeaKUHR ¢
auM(pATHIECKEX Y3I0B UpH Bo3leficTBHN Ha OpTra-
RN3M HOHE3HDYIOMel pagmamun. Mex. pagnoIorms
1: 20-29 (1936).

Yepmiuerso, B, A., IIsnenenne EEKOTOPHIX HHTEPO-
OeNToBHELEX pedaercos mocae B037elicTBAA HOHH-
supypomefi pagnamua. B kH.: OOHT IpHMeEeHHA
PAZNOARTIHBHEY T30TOLOB B MeJHOHHe. ['ocyefns-
nar, YCOCP, Kues, 1955, etep. 175-187.

UepracoB, B. ®., 0 HeK0TODHIX TPECCOPHHI pe-
(aercax mpu ayueBol Goxesmil. MeZ. paamoiOriLa
2:41-47 (1957).

Xowvapos, E. H., UsMemenne NHETepOHENTHBEBX
Besyci0BELIX pe(piercoB UpH BOsfelicTBHH HOHM-
supyomefi pagmammnn. Meg. pagmoxormst 2: 3-8
(1957)

9%

290.

291.

293.

299.

300.

301.

303.

Januos, A., leficTBie noruaupyomefi pagnanuy ga
PeaKTHBHOCTh ajpEHEPTHYECKNX H XOIMHEDPTH-
YeCKHX penenTopos. Paxmoduonorua 2: 246-254
(1962).

IMzepn, J. C., C. . Panomopr, M. M. I'ponaros-
ckad, Poxs mepBHOfi cHCTEMH B HSMEHEEHH IPOEH-
TAeMOCTH THCTOreMaTHUeckHs (apbepoB OpH 00ay-
vyernu. Joraragsr AH CCCP 126: 699-703 (1939).

. Willoughby. D., Pharmacological aspects of the

vascular permeability changes in the rat's intestine
following abdominal radiation. British J. Radiol.
33: 515-319 (1960).

Haley, T.. R. Riley, I. Williams et al., Presence
and 1dentity of vasotropic substances in blood of

rats subjected to acute whole body Roentgen ray
irradiation. Am. J. Physiol. 168: 628-636 (1952).

. Toyama, T., Uber die Wirkung der Réntgen-

strahlen auf den Blutdruck des Kaninchens.
Tohoku J. Exp. Med. 22: 335-341 (1933).

. Newsom, B., D. J. Kimeldorf, Species differences

in altitude tolerance following x-irradiation. Am.
J. Physiol. 198: 762-764 (1960).

. Hunter, C.. R, Munson, W. Court Brown et al.,

The general radiation syndrome: initial reaction
in the monkey. Nature 180: 1466 (1957).

. Gerstner, H., Reaction to short-term irradiation

in man. Ann. Rev, Med. 11: 289-302 (1957).

. Ruch, T., W. Tsaac, R. Leary, Behavior and

correlated hematologic effects of sublethal whole
body irradiation, pp. 691-703 in Response of the
Nervous System to Ionizing Radiation. T. ]J.
Haley, R. S. Snider, eds., Academic Press, N.Y.,
1962.

Goodman, R., A. Lewis, E. Schuck, Effects of
x-irradiation on gastro-intestinal transit and
absorption availability. Am. J. Physiol. 169: 242-
247 (1952).

Schwartz, E., B. Shapiro, Radiation induced
changes in the gastro-intestinal function of mice

and their prevention by chemical means. Radio-
logy 77: 83-90 (1961).

Lamberts, H., B. Dijken, Contributions to the
study of immediate and early x-ray reactions with
regard to chemoprotection. IV, Gastric retention
in rats after whole-body irradiation. Int'l. J. Rad.
Biol. 4: 43-48 (1961).

. Hulse, E., Observations on the delay in gastric

emptying after x-irradiation in the rat and the
effect of adrenalectomy upon it. British J. Exp.
Pathol. 38: 498-303 (1957).

Swift, M., S. Taketa, V. Bond, Delayed gastric
emptying in rats after whole and partial body
x-irradiation. Am. J. Physiol. 182: 468-479
(1955).

. Jones, D., D. J. Kimeldor{, Gastrointestinal func-

tion during exposure to x-ravs. Rad. Res. 11:
832-843 (1959).

. Woodward, K., S. Rothermel, Observations on

gastrointestinal function after x-ray and thermal
column exposures. I, Effect on the progress of
barium meal, body weight and survival. Rad. Res.
3: 441-449 (1936).

i



306.

307.

308.

309.

310.

311.

312.

313.

314,

315.

316.

Toyama, T., Uber die Wirkung der Rontgen-
strahlen auf die Darmbewegungen des Kanin-
chens, Tohoku J. Exp. Med. 22: 196-200 (1933).

Craver. B., The effect of x-rays on the in witro
motility of feline intestine. Am. J. Roentgenol.
58: 357-358 (1947).

Haley. T.. P. Williams, N. Komesu et al., Influ-
ence of x-irradiation on the response of guinea
pig enteric ganglia and postganglionic choli-
nergic nerve endings to drugs. Arch. Intern.
Pharmacodynam. 130: 180-186 (1961).

Conard, R.. Effect of x-irradiation on intestinal
motility in the rat. Am. J. Physiol. 165: 375-385
(1951).

Quastel, M. R., Effect of whole body irradiation
on spontaneous motility of rat isolated duodenum
and its contractile response to acetylcholine and
S5-hydroxytryptamine. Br. J. Radiol, 41: 142-146
(1968).

Eldred, E., W. Throwbridge, Radiation sickness
in the monkey. Radiology 62: 65-73 (1954).

Borison, H., Site of emetic action of x-radiation
in the cat, J. Comp. Neurol. 107: 439-453
(1937).

Allen. R., F. Brown, L. Logie et al., Acute effect
of gamma radiation in primates. Rad. Res. 12:
532-559 (1960).

Morton, J., Mortality of Rhesus monkeys after
single, total-body irradiation. Am. J. Roentgenol.
77 : 899-909 (1957).

Chinn, H., S. Wang, Locus of emetic action
following irradiation. Proc. Soc. Exp. Biol. Med.
85: 472-474 (1934).

Brizzee, K., F. Calton, D. Vitale, Effect of
selective placement of lesions in the lower brain
stem structures on x-irradiation emesis in the

dog. Anat. Rec. 130:533-541 (1958).

back

319,

320.

321.

322,

323.

324,

to
first page

97

. Brizzee, K., L. Neal. P. Williams, The chemo-

receptor trigger zone for emesis in the monkey.

Am. J. Physiol. 180: 659-662 (1955).

. Brizzee, K., Effect of localized brain stem lesions

and supra-diaphragmatic vagotomy on x-irradia-
tion emesis in the monkey. Am. J. Physiol. 187:
560-567 (1936).

Wang, C., A. Renzi, H. Chinn, Mechanism of
emesis following x-irradiation. Am. J. Physiol.
193: 335-356 (1938).

Goodall, McC., Effects of neutron and gamma
radiation on adrenaline and noradrenaline release
in the human. Health Physics 14: 199-203 (1968).

I'umsdypr, 1. A., A. A. Joces, MeTtoginueckie mpue-
MH 00BeRTIBH3ANAE 2CTEHNYECEOT0 CHEIPOMA, BO3-
HHEAIEero Upr BoaielicTBHN HOEN3HPYIOMHEX m3-
ayuennii, ctp. 3-14 B “0 gelicTBHIl IHOAN3HpPYIO-
OHX n3JydeHuil Ha HEPBHYO ClcTeMy veloBera”,
Yacts 2. T'ocypapereennuit Koxuter mo nemoanso-
Bamnio aroxmofi smeprum CCCP, Yacte 2: wv.e.
Ug:itetli Nations document A/AC.82/G/L. 1264/
Add. 1.

I'ycoropa, A, K., A. B. Bapafamosa, IpumEmu-
DR KIHENRO-(I3HOIOINIECkOli ONENKN COCTOSHMSA
HepBHO CHCTEMHl IIpH AyueBoM BoafelicTenm y de-
Josega, cTp. 3-10 B “0 pelicTBHEN HOBH3EpPYWO-
mMuxX H3iyuennii Ha HEPBHYI CHCTEMY 4YeloBeRa”,
Yacete 1. Toc. Kox. mo memoin3oBamnio aroMuEOfi
suepran CCCP, M., 1968; v.e. United Nations do-
cument A/AC.82/G/L. 1264.

Jemicosa, E. A.. Kingngo-pusmoiornuecrad xa-
PAaKTepHCTHEY CHHIpPOMA nefipo-mupRyaaTopHOH 1H-
CTOHHH IIPH ay4eBoM BosgeficTsum, cTp. 11-30 Tam
xe.

Bapadanosa, A, B.. Heroropwe naMenemnsg B JIBH-
ratexbBoli cepe v aun, paGoTAlIMIX B yCIOBIAX
XpOHHYEeCKOro Jayuyesoro Boajeifctua. [ocyazap-
cTBeHHLT KoMuTeT 1o Icmoan3oBamnifio aTOMHO
saeprunt CCCP, Aroyimgat, M.. 1968; w.e. United
Nations document A/AC.82/G/L. 1255,



Annex C

-

RADIATION-INDUCED CHROMOSOME ABERRATIONS IN HUMAN CELLS

CONTENTS

Paragraphs
L INTRODUCTION .....iiiniiiiiinianiininnaines 1-12
I1I. THE TYPES OF ABERRATIONS PRODUCED, THEIR
STRUCTURE AND BEHAVIOUR ................. 13-104
A. The general pattern of response ....... 13-23
B. Chromosome-type aberrations ........... 24-30
C. Chromatid-type aberrations ............. 51-74
D. Subchromatid-type aberrations .......... 75-76
E. Aneuplotdy ... oiiiiiiiii... 77-84
F. Polyploidy .......oooiiiiiiiii i 85-89
G. Endoreduplication ..................... 90-91
H. Conclusions .......ocoiiivieiiannnnnen 92-104
III. MATERIALS AND METHODS OF STUDY .......... 105-144
A. Introduction ................ ...l 105-112
B. The peripheral blood culture techniques .. 113-123
C. Culture sampling time ................ 124-137
D. Conclusions ..........ccovveniivnininn. 138-144
IV. TBE RELATIONSHIP BETWEEN  ABERRATION
YIELD AND DOSE ..uvuuvruvennennrennnannanns 145-273
A, Introduction ...........ccciiiiiiiiiannn 145-153
B. In vitro studies ........................ 154-183
1. X rays and gamma rays ............ 154-170
2. Fast neutrons ...................... 171-177
3. The wvariation in response between
blood samples obtained from different
individuals ...................... ... 178-183

I. Introduction

1. It has been known for a long time that aberra-
tions of chromosome structure (chromosome aberrations
or chromosome structural changes) and alterations in
chromosome number arise spontaneously at a low rate
in somatic and germ cells of plants and animals and
that the frequency of such aberrations increases follow-
ing exposure to ionizing radiations. These aberrations
may. in fact. comprise the major component of the
genetic damage resulting from radiation exposure, but
in many instances the genetic consequences of certain
kinds of aberrations are so disastrous as to result in
the early death of the cells containing them.

2. Although a considerable fraction of induced
chromosome aberrations may behave as dominant lethal
events, all aberrations that do not result in an “imme-
diate” loss of viability are mutational changes which
may be transmitted to descendant cells and to the
offspring of the irradiated individual. Chromosome
aberrations are clearly, therefore, of great genetic im-
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portance, and a considerable amount of work has been
devoted to studying the mechanisms of their induction
by radiation, their behaviour at mitosis and meiosis and
their genetic consequence.

3. Up until relatively recently, most of this work
had been carried out on species particularly well suited
to the demands of cvtological studv (that is, species
having a relatively small number of rather large chro-
mosomes) and on organisms amenable to use in breed-
ing experiments (1958. 1962 and 1966 reports!® of the
Committee), This work has provided, and will con-
tinue to provide, fundamental knowledge on the actions
of radiations on chromosomes and also information on
the genetic hazards of radiation exposure in the parti-
cular species chosen for study. However, extrapola-
tion from these species to man is beset with difficul-
ties, particularly in the absence of any comparable
information on the radio-sensitivity of human chromo-
somes that could serve as a reference point. Quantita-
tive estimates of the radiation hazard to man’s chromo-
somes have, therefore, been fraught with uncertainties.

A




¥

4. In the late 1950s, routine cytogenetic studies on
mammalian chromosomes became possible as a conse-
quence of the development of simple and reliable
methods of culturing mammalian cells in 2itro and of
techniques similar to those previously used in plant
cytogenetics. Refinements of these techniques** opened
the way for cytological studies on the response of
mammalian chromosomes to radiation exposure.

5. In the original work carried out by Bender® and
by various other authors®?! in the United States, studies
were made on the effects of x radiation on chromo-
somes in human epitheloid and fibroblast cell popula-
tions cultured in vitro, and comparisons were later
made between the responses of human cells and of
cultured cells obtained {from spider monkeys and
Chinese hamsters.?> At about the same time, Fliedner
et al.’® reported that chromosome aberrations could be
detected in cells from bone-marrow samples taken
from a number of persons accidentally exposed to a
mixed neutron-gamma-ray beam.

6. Prior to all these observations, a large number
of earlier reports had shown that the chromosome
aberrations induced by the irradiation of mammalian
cells were similar to the aberrations induced in other
animal and plant cells.

7. At the same time that these developments in
mammalian radiation cytogenetics were occurring, the
general field of human cytogenetics was rapidly emerg-
ing. The initial work in this field soon confirmed that
the kinds of chromosome aberrations already well known
to occur in plants and animals also arose spontaneously
in man, and demonstrated that, in man, these aberrations
were responsible for a number of very important harm-
ful traits (1962 and 1966 reports™ ? of the Committee).
These advances in human cytogenetics were given
further impetus by the development* in 1960 of a
simple and reliable technique for obtaining prepara-
tions of mitotic cells from cultured peripheral blood
leucocytes. As a result of these developments. informa-
tion on the spontaneous frequency and on the general
consequences of chromosome aberrations in man has
been continually accruing.

8. The advent of the peripheral blood culture tech-
nique afforded an opportunity to examine, by means of
a simple and painless procedure, the response of human
chromosomes in individuals exposed to jonizing radia-
tions. Moreover, since large numbers of mitotic cells
could be obtained from only a few millilitres of blood.
frequent cell samples could be taken from an individual
at various time intervals after exposure. The first
studies of this kind were carried out by the Edinburgh
group?® in the United Kingdom. and in the last nine
years a great deal of information has been obtained on
chromosome damage and the potential hazards of radia-
tion to man’s genetic materials.

9. Observations have been made on chromosome
aberrations induced 41 vizo in persons x-rayed for
diagnostic reasons, in personnel subjected to low-dose
occupational exposure (either externally or internally,
or to a mixture of both external and internal radia-
tion), in patients exposed to therapeutic radiation and
in individuals accidentally exposed to radiation. In
addition to this, information is also available on mem-
bers of the surviving populations at Hiroshima and
Nagasaki. Much of the information on patients given
therapeutic doses has come from partial-body irradia-
tion studies, and here the data are somewhat difficult
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to interpret since accurate physical dosimetry, parti-
cularly in relation to the cells sampled, is difficult to
obtain. More recently, a little information has been
gathered from a few patients exposed to low doses of
whole-body radiation.!®

10. Although in terms of application of our know-
ledge we are clearly most interested in results obtained
from in vivo studies, a great deal of information can
be and is being obtained from in witro studies. Here,
cultured cells can be exposed to accurately measured
radiation doses, and accurate information on dose-
response kinetics, etc. can be obtained. Such knowledge
forms an important background to the in wive work,
and it has been generally thought it may well prove
possible to extrapolate directly from the in vitro state
to the in vivo state, provided certain requirements are
met.

11. In view of the developments in this field over the
past few years, the Committee decided that an appraisal
of the progress made in this area was necessary. The
time seemed particularly opportune for two reasons.
First, a number of laboratories have made use of
chromosome aberration yields as a method of esti-
mating absorbed dose in individuals accidentally ex-
posed to radiations, and a considerable amount of in-
formation on the relation between dose and aberration
yield from both in wivo and in vitro exposure has been
accumulating, Second, as a consequence of the develop-
ments in human cytogenetics, there has been an in-
creasing amount of information on the importance of
certain aberrations as causal factors in human con-
genital abnormalities and also on the possible associa-
tion between certain kinds of chromosome aberrations
in somatic cells and the development of neoplastic
disease.

12. As the Committee is primarily concerned with
evaluating risks and with reviewing pertinent sci-
entific data, information on the genetic consequences
of chromosome aberrations in man and on the possi-
bility of using the levels of chromosome-aberration
yield following radiation exposure as a measure of dose
is particularly relevant. In the present report, there-
fore, emphasis has been placed on somatic cell damage,
and attention has been centered on methodology. the
possible application of aberration yields in dosimetry,
their biological significance and their possible use in
the assessment of risk.

II. The types of aberrations produced,
their structure and behaviour

A. THE GENERAL PATTERN OF RESPONSE

13. The types of chromosome aberrations induced
in human cells are identical in structure and behaviour
with the aberrations induced in other animal and plant
cells having similarly organized monocentric chromo-
somes. These aberrations are usually considered to
be of two basic types—the simple deletion, which may
be the result of a single break in the chromosome thread,
and the exchange, which involves at least two breaks
and an exchange of parts either between different
chromosomes (interchange) or between different parts
of the same chromosome (intrachange).

14. The detailed mechanisms of formation of the
aberrations are not fully understood. and two hypoth-
eses are currently in vogue (see reference 17). The
more generally accepted classical theory, which was
developed principally by Sax!$2® and later by Lea and



Catcheside (see reference 21), proposes that x-ray
induced simple deletions are a consequence of single
breaks in the chromosome produced through the action
of a single electron track. whereas exchange events are
a consequence of the aberrant rejoining of breaks pro-
duced through the action of one or more (usually two)
separate electron tracks.

15. On this classical theory, the evidence obtained
from dose, dose-rate and dose-fractionation studies is
interpreted to indicate that broken chromosome ends
remain available for rejoining with themselves (thus
restituting the original chromosome structure) or with
other broken ends (thus giving rise to an exchange
aberration) for only a limited time period (rejoining
time) of around thirty minutes.?® 2! This timing, how-
ever, is very dependent upon conditions.® Since the
exchange aberrations can only be produced if the two
breaks involved are closely associated spatially®!: 2 and
are produced close together in time, it follows that, on
this theory, the yield of simple deletions should in-
crease linearly with increasing x-ray dose, and two-
break exchanges should increase as approximately the
square of the dose, when exposure times are short
relative to the rejoining time (see references 17 and
21).

16. On the exchange hypothesis of Revell?** all
aberrations, including the so-called simple chromatid
deletions, are believed to be a consequence of exchange.
On this hypothesis a proportion of the simple dele-
tions could result from the interaction of the effects
of two separate electron tracks. The deletions are be-
lieved to be the consequence of an incomplete exchange
between two regions within a chromosome so that the
deletion is associated with an inversion or duplication
of a short length of the chromosome at the point of
“failed union”. Thus, on this hypothesis, simple dele-
tions can show either a negligible or a significant
“dose-squared” component in their rate of increase
with increasing x-ray dose.*® On both hypotheses, with
high LET radiations all aberration types increase
linearly with increase in dosel™

17. In general, although there are certain exceptions,
proliferating somatic cells spend by far the majority of
their lifetimes in an interphase state and pass relatively
rapidly through the division process of mitosis. The
duration of interphase may range from the life span
of the individual in a non-dividing differentiated cell,
to a number of years in a mitotically quiescent cell or
to a period of less than one day in the case of an
actively proliferating cell. In all cases, however, the
duration of the mitotic phase is usually, at most, an
hour or two and is, therefore, short in relation to
interphase. Thus, although the chromosome aberrations
produced in irradiated cells are only observed when the
chromosomes appear at mitosis (or at meiosis in the
gonads), on the average almost all the aberrations
produced are a consequence of damage sustained in an
interphase state.

18. The aberrations observed in dividing cells are
thus visible manifestations of radiation damage sus-
tained at an earlier point in time. A number of cellular
(enzymic) processes may, therefore, intervene between
the initial radiation exposure and the final develop-
ment of an aberration, Thus, for a given cell type,
radiation dose, quality, etc.. the final yield of aberra-
tions may be modified by physiological as well as
physical factors. The influence of such modifying fac-

tors was considered in some detail in the Committee’s
1962 and 1966 reports.” 3

100

19. The types of aberrations induced following
radiation exposure fall into three groups according
to the unit of breakage or exchange that is involved.
Aberrations which involve both chromatids of a chro-
mosome at identical loci are generally referred to as
chromosome-type aberrations, whereas those in which
the unit of aberration formation is the half-chromosome
or chromatid are termed chromatid-type aberrations.
The third category of aberrations known as subchro-
matid-type aberrations appear to involve breakage and
exchange of subunits of a chromatid,

20. Which of the three basic types of chromosome
aberrations are observed at mitosis (or at meiosis)
depends upon the stage of development of the cell at
the time of irradiation. In a mitotically proliferating
cell, the interphase period of the cell cycle can be
partitioned into three phases:?® the pre-DNA synthesis
or G, phase of early interphase; the DNA synthesis or
S phase; and the post-DNA synthesis or Ga phase of
late interphase, With few exceptions, cells not actively
proceeding through a mitotic cycle usually rest in the
G, phase (for example, the peripheral blood small
lymphocyte in normal healthy individuals), and such
cells are sometimes referred to as being in a G, state.?”
However, there are exceptions to this general rule, and
certain types of mitotically inactive cells (for example,
certain epidermal cells in the mouse ear)?8 may rest in
a G phase.

21. Irradiation of all resting cells and of the ma-
jority of proliferating cells in a G; phase results in
the production of chromosome-type aberrations. At the
very end of the G; phase®® 30 there is a transition
from the chromosome-type aberration to the chromatid-
type, and this transitional phase extends from late G,
into early S (figure 1). Thus, most of the cells irradi-
ated while in § and all the cells exposed while in Ga
yield chromatid-type aberrations. Subchromatid-type
aberrations are only produced in cells irradiated in the
early prophase of mitosis (or mid-prophase of meiosis),
and cells exposed to radiation at the metaphase or later
stages of mitosis yield chromosome-type aberrations at
their next mitosis (see figure 1 and reference 17).

22, In addition to aberrations involving changes in
chromosome structure, certain kinds of damage may
also result in alterations in chromosome number and
yield aneuploid or polyploid cells (paragraphs 77-89).
Such changes in chromosome number are the result of
errors (non-disjunction) in chromosome or chromatid
segregation at meiosis or mitosis, and these errors are
often, although not invariably, a consequence of the
presence of chromosome structural changes.

23. It should be emphasized here that all of the
varieties of chromosome structural changes and of
changes in chromosome number that are to be observed
in irradiated cells are also to be found in cells exposed
only to natural background irradiation. The frequency
of such spontaneous aberrations in unirradiated cells
from normal healthy individuals is, of course, extremely
low (table I), but the kinds of changes found are
precisely the same as those induced as a consequence
of radiation exposure.

B. CHROMOSOME-TYPE ABERRATIONS

24. Chromosome-type aberrations, in which both
chromatids of a chromosome are broken or exchanged
at the same locus and in an identical fashion, are the
aberrations that have been most frequently studied in
human cells. This is because most of the work on man
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has been carried out on peripheral blood leucocytes
that were irradiated while in a resting G; phase and
examined at a mitotic metaphase following the stimula-
tion of development of these cells in culture.

25. Studies on metaphase somatic cells reveal that
seven kinds of chromosome-type aberrations can be
distinguished cytologically (figure 2). Aberration types
(i) to (v) are produced within single chromosomes
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Figure 2. Chromosome-type aberrations that can be distinguished cytologically at mitosis

and are referred to as intrachanges, whereas types (vi)
and (vii) involve an exchange of parts between dit-
ferent chromosomes and are. therefore, interchanges.

26. (i) Terminal deletions are paired acentric frag-
ments which have the appearance of resulting from a
simple break across the chromosome and are not asso-
ciated with an exchange aberration such as a ring or
interchange (paragraphs 28, 33-34). Some authors
refer to terminal deletions simply as free acentric
fragments.

27. (i) Minutes (interstitial, isodiametric or dot
deletions) are pairs of acentric fragments, smaller in
size than terminal deletions, characteristically appear-
ing as paired spheres of chromatin, hence the terms.
dot or isodiametric deletions. These deletions are
usually not terminal but intercalary and are the con-
sequence of two closely juxtaposed transverse breaks
across the chromosome.

28. (iii) Acentric rings are the result of two trans-
verse breaks and an exchange within the chromosome.
The linear separation between the two breaks is greater
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than in the case of minutes so that the excised paired
fragments are larger and are ring-shaped. The distinc-
tion between minutes and rings is often arbitrary,
since it is based purely on the size of the interstitial
region of the chromosome that is deleted.

29. (iv) Centric rings are ring-shaped chromo-
somes resulting from an exchange between two breaks
occurring on either side of the centromere. The centric-
ring aberration is clearly distinguished from its acentric
counterpart and is accompanied by one (rarely two)
acentric fragments.

30. (v) Pericentric inversions result from two
breaks, one on each side of the centromere, followed
by the inversion of the centromeric segment and its
reincorporation into the chromosome. If the two breaks
(or points of exchange) are not equidistant from the
centromere, then the pericentric inversion is clearly
characterized by the altered location of the centromere
within the chromosome. However, if, as is probably
most often the case, the exchange points are approxi-
mately equidistant from the centromere, then the in-



version cannot be detected in mitotic cells but could
be detected in meiotic cells following chromosome
pairing.

31. Paracentric inversions, where both points of
exchange lie on the same side of the centromere, can-
not be cytologically detected in mitotic cells but could
be identified at meiosis.

32, In types (ii) to (v), the exchange event may,
in a small proportion of cases, be incomplete, only two
of the four free ends involved in the exchange actually
undergoing rejoining. Thus, an incomplete paracentric
inversion will be scored as a terminal deletion, and a
ring chromosome may be accompanied by two, rather
than one, acentric fragments.

33. (vi) Symmetrical interchanges (reciprocal trans-
locations) are exchange aberrations resulting from a
breakage in each of two chromosomes followed by
aberrant rejoining such that the distal regions of the
two chromosomes are transferred (translocated) from
one to the other, The aberrations are described as
being symmetrical since they do not result in the
formation of a dicentric structure (paragraph 34).
Occasionally, if the exchange is incomplete, an acentric
fragment may result, If the exchange is equal, that is,
if an equal length of chromatin is translocated from
one chromosome to the other, then the exchange could
be detected at meiosis, Such an exchange could not be
detected in somatic cells, however, except when in-
complete, in which case it would appear as a simple
terminal deletion, Symmetrical interchanges between
acrocentric chromosomes are sometimes referred to as
centric fusions, They result from the translocation
of entire chromosome arms, the exchange occurring
in the region of the centromeres of the chromosomes
involved.

34, (vil) dsymmeirical interchanges  (dicentric
aberrations or wore complex polycentrics) are ex-
change aberrations due to a breakage in each of two
or more chromosomes followed by aberrant rejoining
such that the proximal regions of the chromosomes
become united, thus forming a dicentric or polycentric
structure and an associated acentric fragment (rarely
two fragments, when the exchange is incomplete and
the two distal regions do not unite).

35. As mentioned above, incomplete rejoining in
exchange results in an increased frequency of free
fragments associated with an aberration. It should be
stressed, however, that the fragment associated with
an exchange aberration, such as a dicentric or centric
ring, is part of the exchange aberration and is not
scored as a separate fragment. that is. as a terminal
deletion. The presence of a dicentric- or centric-ring
structure with no accompanying fragment is an almost
certain indication that the aberrant cell has proceeded
through at least one mitotic division after irradiation
and prior to observation.

36. Mention has been made of the difficulties in
detecting certain forms of pericentric inversions (inter-
arm intrachanges) and of symmetrical interchanges in
somatic cells so that not all seven chromosome-type
aberrations considered can be scored with equal effi-
ciency. It is to be expected that pericentric inversions
that do not result in a change in the relative arm
lengths of a chromosome must comprise a significant
proportion of the total of such aberration types. This
is so because. as a result of the V-shaped arrangement
of the chromosomes following anaphase separation

and of the restrictions on chromosome movements in
interphase ™ 3 there must be a much higher prob-
ability of exchange between points equidistant from
the centromere than between points at different dis-
tances. Similarly, in the case of symmetrical inter-
change aberrations, exchanges between points equidis-
tant from the centromeres of the two chromosomes
involved will be very frequent. Thus, if the chromosome
complement contains a number of chromosomes having
arms of equal or similar lengths, as is the case in the
human complement. then a symmetrical exchange often
will not result in an altered morphology of the ex-
changed chromosome(s), and the aberration will pass
undetected.

37. The inefficiency of scoring symmetrical and
equal inter- and intrachange chromosome-type aberra-
tiens is not encountered in the comparable chromatid-
type aberrations, At the chromatid-type level, because
of the close pairing between sister chromatids. asym-
metrical and symmetrical aberrations can all be scored
with equal efficiency. Studies on chromatid-type aberra-
tions in plants and animals have shown that the sym-
metrical and asymmetrical variants of any given aberra-
tion type occur at approximately equal frequencies!? !
and it has generally been assumed that this approximate
equality must also obtain at the chromosome-type level.
This assumption has recently been confirmed in studies
on the morphologically well-marked large chromosomes
of the plant Vicia faba, where the frequency of involve-
ment of these chromosomes in symmetrical (reciprocal
translocation) and asymmetrical (dicentric) chromo-
some interchange was shown to be equal®®

38. Since it is to be expected that asymmetrical
and symmetrical interchange events occur with equal
frequency in irradiated human cells, it is possible to
estimate from published data!® 33-35 that the efficiency
of scoring symmetrical events in man's chromosomes
is not more than 20 per cent. This follows from the
fact that the frequency of dicentric- plus centric-ring
aberrations should equal the frequency of reciprocal
translocations plus pericentric inversions, whereas, in
the data available, dicentric and ring chromosomes
are approximately five times as frequent as abnormal
monocentric chromosomes. Similarly, the frequency
of acentric-ring plus minute aberrations should cor-
respond to the frequency of paracentric inversions. As
noted earlier, paracentric inversions cannot be detected
in mitotic cells,

39. In addition to the gencral difficulties in de-
tecting symmetrical aberrations, it should be noted
that the efficiency of their detection varies between
different observers. However, these problems do not
arise in the case of the asymmetrical aberrations. It is
for these reasons that it has long been the practice of
radiation cytogeneticists working on plant and animal
cells to classify chromosome-type aberrations into
terminal deletions, minutes, acentric rings, centric rings
and dicentrics (polycentrics) and to use data on these
aberrations, but not data on pericentric inversions and
symmetrical interchanges, for quantitative studies,

40. It should be stressed that the aberrations de-
scribed under the above five headings form the bulk
of the structural alterations that can be observed.
They can be scored efficiently and there is little varia-
tion due to subjective differences Dbetween different
observers. In the case of the possible use of chromosome
aberration yields as indicators of absorbed dose in
man, there is little doubt that the classification of the




aberrations into these categories is essential. However,
it is important to note that the aberrations that are
simplest and least ambiguous to score include many
of those that may result in cell death.

41. TFor instance, at the anaphase stage of mitosis,
a proportion of the dicentric aberrations form chro-
matin bridges linking the two anaphase groups and
interfering with the mechanical separation of the two
daughter cells. Such an interference frequently results
in the death of the cells. In addition, chromosome
fragments lacking centromeres may be excluded from
the daughter nuclei produced as a result of mitosis,
and, depending upon the gene content and amount of
material lost, such genetically deficient nuclei may be
inviable, In general, therefore. a considerable propor-
tion of the asymmetrical aberrations constitute a short-
term hazard in the sense that the cells that carry them
have a very much reduced potential for survival. How-
ever, those cells that can survive will still be mutant
and constitute a long-term hazard both to the individual
and. if present in the germ line, to his offspring.

42. On the other hand, symmetrical aberrations.
which are simply a consequence of the rearrangement
of chromosome material either within or between the
chromosomes in the complement, will not result in
any chromatin deficiency when induced in somatic
cells. Cells carrying such aberrations will encounter
no mechanical difficulties in proceeding through the
mitotic process and may be perfectly viable. However,
if such changes are present in the germ line, then, as
a consequence of chromosome pairing and segregation
at meiosis, they may result in sterility and in the pro-
duction of unbalanced gametes, For example, a number
of spontaneous translocations are known to exist in
man® and these are, in certain cases, responsible for
a reduced fertility and, in others, for the production
of viable offspring with harmful traits, for example,
Down's syudrome,

43. It should, therefore, be re-emphasized here that
the criteria for scoring aberrations are not based on
their particular biological importance. Thus, although
the symmetrical aberrations which result in little or no
change in chromosome morphology are difficult to
score objectively, they nevertheless may constitute a
very important long-term hazard, since they result in
transpositions and rearrangements of chromatin be-
tween non-homologous chromosomes and in duplica-
tions and inversions of the genetic materials. More-
over. these aberrations are equally as frequent as their
asymmetrical counterparts, At present, the scoring of
such symmetrical aberrations in somatic cells is both
tedious and extremely inefficient, but their detection
might well be improved with the advent of mechaniza-
tion and computer techniques in cytogenetics36-#2

44, The method of classification of the aberrations
that has been outlined is that generally in use by radia-
tion cytogeneticists and is based on the structure of
the aberrations. This method of scoring does not in-
volve any assumptions as to the precise mechanism
of formation of any particular aberration and does not
group together aberrations that are structurally dif-
ferent but which may have similar mechanical conse-
quences. at mitosis,

45. An alternative system, which does involve
assumptions as to the mechanism of formation of
aberrations, was originally proposed by Darlington and
Upcott® in their early work on chromosome aberra-
tions in plant cells. This system, however, was super-
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seded by the descriptive classification. In more recent
vears, an additional and more general classification
has been introduced.t* %* This classification places em-
phasis on the cells carrying the aberrations, cell types
being defined, as indicated in the subsequent para-
graphs, on the basis of the kinds of aberrations that
they contain,

46. Type A Cells have no apparent evidence of a
structural chromosome abnormality, They may be
divided into “modal A cells” that are apparently
normal diploid cells and ‘‘non-modal A cells” that are
aneuploid, that is. that contain fewer or more chro-
mosomes than the normal diploid number.

47. Type B ccells. as originally defined ** included
two sorts of cells, those containing chromatid gaps
or isochromatid gaps (non-staining regions of the
chromosome either affecting one or both chromatids).
which are not discontinuities and do not result in the
formation of acentric fragments, and cells containing
simple chromatid breaks (chromatid terminal dele-
tions) but not isochromatid aberrations nor presumably
chromatid minutes. In other words, type B cells, as
originally defined, contain either non-staining gaps or
one of the many possible types of chromatid-type aber-
rations. Fortunately, however, the phrase, “type B
cells”, has come to be used to describe cells containing
chromatid-type aberrations of any kind (see reference
33) as opposed to cells carrying chromosome-type
aberrations (type C cells).

48. Type C cells contain chromosome-type aberra-
tions. Type C cells were originally put into three cate-
gories, C;. Ca, Gg* but later’® they were reclassified
into two categories, C, and C,. C, cells contain asym-
metrical aberrations or incomplete symmetrical aberra-
tions, that is, dicentrics (polycentrics), ring chromo-
somes or fragments, The suffix, u, in C, denotes the
fact that the cell contains an “unstable” aberration
which will either result in mechanical difficulties at
mitosis or result in a loss of chromosome material
in the form of an acentric fragment. C; cells contain
“stable” aberrations, that is, complete symmetrical
aberrations (symmetrical interchanges or pericentric
inversions), which can only be detected if the exchange
events result in a change in the position of the cen-
tromere or in the lengths of the chromosomes involved
in a rearrangement (paragraph 36).

49. It has already been stressed that the C; cells
can only be detected with very low efficiency. It should
also be pointed out that certain types of C, cells (for
example, those containing small terminal or inter-
calary deletions) may be unambiguously scored as clear
C, cells at the first mitosis after irradiation, but that,
if viable, their descendants could well be scored at
the second or subsequent mitosis following irradiation
as either normal A cells or as C, cells.

30. The use of the C; and C, form of classification
may be useful as a short-hand system, particularly
when considering the fate of cells carrying aberrations
over very long periods of time after irradiation; this
is precisely where this general scoring system has been
largely employed. Nevertheless, there can be no
question that the maximum information can only be
obtained when aberrations are categorized on the basis
of their detailed structure. The Committee, therefore,
strongly recommends that the detailed system of scor-
ing be employed, particularly in those cases where
attempts are made to obtain information on dose-
response relationships,



C. CHROMATID-TYPE ABERRATIONS

51. Chromatid-type aberrations occur if damage is
sustained either at the time of, or following, chromo-
some splitting and replication in late Gy and § of the
cell cycle!™ 2230 (paragraphs 19-21). In the case of
unsplit G, chromosomes, any radiation damage sus-
tained is itself replicated when the cell proceeds into §
so that the whole chromosome (both chromatids) is
involved in a chromosome-type aberration, both sister
chromatids being affected in exactly the same way and
at identical loci, Chromatid-type aberrations are thus
distinguished by the fact that the unit of breakage or
exchange is the single chromatid.

52. Chromatid-type aberrations are, therefore. in-
duced in cells irradiated while in the DNA synthesis
(S) and post-DNA synthesis (G») stages of inter-
phase, Such aberrations also arise spontaneously, pre-
sumably as a consequence of replicating errors. They
can be readily induced by exposure of cells i wiwo
and in vitro to a wide variety of chemical agents and
have been found in peripheral blood leucocytes taken
from individuals suffering from certain virus infections
and in cultured fibroblasts exposed to viral and other
infectious agents,

53. A large proportion of the chemical agents that
produce mutations in micro-organisms, insects and
plants induce chromatid-type aberrations in plant!®-48
and mammalian*™ 49 cells exposed tn vizo or while in
continuous culture in itro. A number of these agents,
particularly those known to interact with DNA or to
interfere with DNA synthesis (including carcinogenic
hydrocarbons such as dibenzanthracene),”® have now
been tested in human cells and shown to produce
chromatid-type aberrations in peripheral blood leuco-
cytes and in fibroblasts exposed in witro.51-7® Similar
aberrations are also to be found in leucocytes taken
from patients treated for certain clinical conditions with
potent mutagens, for example, nitrogen mustard.""®

54. Considerable interest has recently been aroused
in the possibility that the hallucinatory drug, lysergic
acid diethylamide (LSD-25), might act as a muta-
genic agent in man. Cohen ef a7 originally presented
evidence indicating that exposure of peripheral blood
leucocytes in culture to LSD resulted in the produc-
tion of chromosome aberrations; in addition, a low,
but significantly increased, aberration yield was found
in cultured peripheral blood cells taken from a patient
extensively treated with this drug over a period of
four years.

55. More recent studies on LSD users (which fre-
quently include individuals taking other drugs in
addition to LSD) have yielded conflicting results.
Some authors™ " have reported small. but significantly
increased over normal, aberration yields in cultured
leucocytes of LSD users, whereas others have found
no evidence of a change in aberration yield in LSD
users®® & or in patients treated with LSD.8% 82 Studies
on the mouse® have yielded suggestive evidence of a
slight effect on high doses of LSD on meiotic chro-
mosones. whereas mutation studies in Drosophila
have either shown no effects® at does levels compar-
able to those used in the mouse work or significant
increases in the vield of recessive lethals when massive,
highly toxic, doses were used.8?

56. The demonstration by a number of workers6-198
that viral infections may produce chromatid-type aber-
rations in human and in other mammalian cells and
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the possiblé implications: of virus infection in relation
to carcinogenesis (paragraphs 286-288) has prompted
a variety of studies on this aspect of aberration pro-
duction. A wide variety of both DNA and RNA
viruses has been reported as being responsible for the
production of chromatid aberrations in human peri-
pheral blood leucocytes and in human and other mam-
malian fibroblast cells maintained in continuous cul-
ture. The viruses that have been claimed to induce
aberrations include Sendai virus,2® chicken pox virus,’?
measles virus,? 100, 102 yellow fever.® vaccinia,2%? polio-
myelitis.® the Schmidt-Ruppin strain of the Rous sar-
coma virus. % #9103 herpes simplex.!® 17 cytomegalo-
virus,'® infectious hepatitis virus® 88 %596 and vari-
ous human and simian adenoviruses.1%

57. Studies on human embryo cells exposed to
avian pseudo-plague virus have shown that infection
with viable virus results in the formation of chro-
mosome structural changes but that no such changes
are produced following exposure of the cells to heat-
inactivated virus.!'® In addition. chromatid aberra-
tions have been reported in cultured human fibroblasts
infected with Mwycoplasima®™ 12 and similar aberra-
tions reported!*® in Drosophila exposed to Rous sar-
coma virus and in other arthropods infected with a
“Rickettsia-like” organism.!

58. Although there are conflicting reports on the
presence or absence of aberrations in cultures of peri-
pheral blood leucocytes from patients suffering from
various virus infections %% %3 198 there is no doubt that,
under certain conditions, viral and other infectious
agents can induce chromatid-type aberrations in human
cells, The general conclusion arrived at by many
workers in this field is that the effects of these agents
on chromosomes are very similar to the effects of
chemical mutagens that interfere with DNA synthesis,
This conclusion is supported by the observations of
Nichols et al.%8 of a synergistic action of the Schmidt-
Ruppin strain of the Rous sarcoma virus and of cyti-
dine triphosphate (a nucleoside triphosphate that in-
duces chromatid-type aberrations in human cells) in
producing chromatid aberrations in human leucocytes
treated in witro. Moreover, the aberrations induced by
nucleosides and by viral agents are both localized to
particular chromosomes and chromosome regions®? ©8
and thus differ from radiation-induced aberrations
which are more randomly distributed.

59. It is important to note that Stich and Yohn!®
have recently obtained evidence that, at least in the
case of certain types of adenovirus. aberrations are only
produced by viruses which initiate but do not com-
plete a full replication cycle. Moreover. it should be
pointed out here that chromatid aberrations observed
in peripheral blood leucocytes of patients suffering
from virus infection are actually produced when the
cells are in culture. (Chromatid-type aberrations pro-
duced i1 vivo would appear, if the cells were viable.
in the first mitosis observed in culture as “derived”
chromosome-type changes.) Indeed. it has been sug-
gested?® that the conflicting reports from different
individuals and laboratories may be simply due to
positive results being obtained more often when cells
are allowed to proceed through more than one cell
cycle in culture prior to observation.

60. It should be strongly emphasized that, in the
case of the viruses. of the alkylating agents and of the
majority of the other chemical mutagens that have
been studied, only chromatid-type structural changes




have been seen at the first mitosis following treatment.
The aberrations produced by these agents presumably
arise as a consequence of misreplication 1% 117 so that
aberrations are not directly produced in ceils exposed
while in the G; phase of interphase. On the other
hand, exposure of such Gp cells to ionizing radiations
results in the formation of typical chromosome-type
aberrations.

61. The kinds of chromatid-type aberrations pro-
duced by ionizing radiations in S and G2 cells and by
a variety of mutagens. including ultra-violet and the
chemical and infectious agents referred to above, are
all basically similar and are similar to those that arise
spontaneously in culture. However. because the unit
of aberration formation is the chromatid. and because
sister chromatids remain closely paired at mitosis,
these aberrations exhibit a greater variety and are
more efficiently detected at mitosis than their chromo-
some-type counterparts.

62. The variety of possible chromatid-type aberra-
tions has been discussed in detail by a number of
authors 1% 118 and a detailed description and illustra-
tion of these aberrations will not be given here. In
brief, the aberrations include terminal deletions, in-
tercalary deletions (chromatid minutes), acentric
rings, isochromatid deletions, duplications, inversions,
interarm asymmetrical intrachanges (centric rings),
interarm symmetrical intrachanges (equivalent to peri-
centric inversions) and symmetrical (reciprocal trans-
locations) and asymmetrical (chromatid dicentrics) in-
terchanges.

63. In addition to these chromatid-type structural
changes, cells irradiated in the S or G» phases of
interphase, or subjected to infectious agents or to cer-
tain chemical mutagens, may also contain achromatic
lesions that are usually referred to as gaps or erosion
zones. These gaps do not represent transverse breaks
across the chromatid thread but are simply unstained
regions similar in appearance to normal secondary
constrictions or nucleolar organizing regions.?* 119
There is evidence from studies on plant chromosomes
that these gaps are reparable lesions that do not result

in a permanent structural change in the chromo-
some,120: 121,

64. Information on the spontaneous yield of
chromatid-type aberrations in human cells has been
obtained from studies on peripheral blood leucocytes.
Although a number of reports (paragraphs 65-66)
have indicated that the frequency of spontaneous
chromatid aberrations (more particularly chromatid
deletions) in these cells may be somewhat variable
(averaging around 0.05 per cell), there is no doubt
that much of this variability is due to cells being
allowed to proceed through more than one cell cycle
in culture before sampling. The aberrations are, there-
fore, produced in culture (probably as a consequence
of misreplication). Culture conditions are extremely
important in this connexion, particularly since the cells
and cell products themselves contribute to changing
conditions.

65. Mouriquand et all* in a study of 1,000 leuco-
cytes taken from ninety individuals and cultured for
seventy-two hours prior to observation, reported a
chromatid-deletion frequency of 0.057 per cell and a
chromatid-gap frequency of 0.077 per cell. In a some-
what larger study carried out by Court Brown et
al. ) the firequency of chromatid aberrations. in-

cluding gaps, in 12,000 leucocytes cultured for seventy-
two hours was around 1 per cent. More recently. in
a survey?* in which care was taken to sample cells
at their first mitosis in culture, 1,200 leucocytes from
400 individuals were examined, and it was found that
the frequency of chromatid-type aberrations in these
cells was very low (0.033 aberrations per cell) and
did not vary with the age of the donor. Moreover,
in this latter survey. it was clearly shown that the
frequency of these aberrations increased with increasing
duration of the period of leucocyte culture.

66. A number of workers have noted the presence
of chromatid-type aberrations in peripheral blood leuco-
cytes irradiated #n witro during the G; phase and in
cells obtained from individuals exposed to ionizing
radiations. The frequency of these aberration types in
irradiated individuals 1s very low (for example,
around 0.0Z aberrations per cell)!®® and is usually
similar to the frequency of these aberrations in blood
cells of unirradiated personnel. Indeed, studies on
patients following radio-therapy treatment,16.126.127
accidental or occupational radiation exposurel25:127-132
and exposure to radiation following a nuclear explo-
sion'331%5 have revealed no significant differences in
yields of chromatid-type aberrations between irradiated
and control personnel,

67. On the other hand, there have been some sug-
gestions of a slightly increased chromatid-type aberra-
tion yield in irradiated personnel!3® and, in two in-
stances, reports of much higher ylelds in cells irradi-
ated i wifro and sampled seventy-two to ninety-six
hours after exposure 37138

68. Since chromatid-type aberrations cannot be
directly induced by the irradiation of unstimulated
lencocytes, their presence in such cells is generally
agreed to be almost certainly due in part to a possible
secondary effect giving rise to these aberrations in
culture (and this 1s particularly true in 4 vitro radia-
tion experiments) and largely to effects occurring in
culture that may have no connexion whatsoever with
a radiation exposure. It should also be pointed out
that., when relatively high vields of “spontaneous”
chromatid aberrations are observed, very few exchange
aberrations are noted, virtually all the aberrations
being simple deletions (see reference 139). This very
low frequency of exchange suggests that some of the
chromatid breaks that are observed may well be con-
sequences of the mechanical forces operating when
the cells are being dried during cytological processing.

69. Chromatid-type aberrations can. of course, be
induced by radiation #n witro if the radiation is de-
livered during late interphase.™ 140146 Moreover, such
aberrations are induced if the cells are exposed to
radio-activity labelled DNA precursors.!4?. 148 Simi-
larly. these aberration tvpes will be produced in zivo
in those cells that are actively engaged in proliferation
at the time of radiation exposure. However. these
chromatid-type aberrations will be lost before cells
develop into circulating lymphocytes, or, if the aber-
rations are symmetrical and therefore do not result in
mechanical difficulties in the separation of chromatids
at anaphase, they will pass into the daughter cells,
proceed through a replication phase and reappear as
“derived”’ chromosome-type changes at the following
mitosis (paragraph 74 and figure 3).

70. Since chromatid-type aberrations can only be
induced in cells irradiated while in the § or G. phases




of the cell cycle, they are clearly quite useless as indi-
cators of dose in cells, such as the peripheral blood
leucocytes of man, exposed to radiation while in the
G, phase. However, these aberrations can be used as
dose indicators in normally proliferating cell popula-
tions, although it should be noted that the yield of
chromatid-type aberrations at any given dose level is
very much dependent upon the exact stage of develop-
ment of the cell at the time of exposure (see reierence
149).

71. Detailed studies on cells of the plant Vicia
faba'*' have shown that the chromatid-type aberration
yield induced by x rays in mid-G: cells may be three
or four times higher than the yield induced in early
(o cells. Morcover, G- cells are more sensitive than
S cells, and variations also occur within the S phase.
Similar variations have also been observed in mam-
malian cells irradiated either in w10 or in witro. For
instance, the yield of chromatid-type aberrations in
Chinese hamster fibroblasts receiving doses of 230 rads
from cobalt-60 gamma rays in vitro was found to be
three times higher in cells exposed while in G» than
in cells exposed while in 5.15¢ Similarly, data on bone-
marrow cells taken from Chinese hamsters that had
received 100 rads from x rays'® (240 kV, 15mA, HVL
= Zmm of Cu) or 100 rads from cobalt-60 gamma
rays!® in wive also show that cells in Ga are much
more sensitive than cells irradiated in earlier phases
of the cycle.

72. The limited number of studies that have been
carried out with human cells on change in aberration
yield with change in cell phase all accord with the
earlier observations made on plant and other animal
cells in showing that changes in response occur with
changes in development phase. Most of the studies on
radiation-induced chromatid-type aberrations in human
cells have either been made on samples observed at
only one fixation time after x irradiation!4l 143.13¢ o
many hours after exposure,® or on samples fixed at
unspecified times after irradiation. The four studies
on peripheral blood leucocytesit® 14 146 and on “fibro-
blast-type” cells in culture,!* where samples were fixed

at various times after irradiation, indicate that, for a
given X-ray exposure, the yield of chromatid-type aber-
rations is higher in Ga than in S cells. This change in
response both within and between cell phases at the
chromatid-type level underlines one of the difficulties
inherent in the use of these particular aberration types
as indicators of dose.

73. The intraphase variation in sensitivity ihat has
been observed for chromatid-type aberrations is not
apparent with the chromosome-type aberrations. Studies
on plant cells!® 22,158, 13¢ 3nd human peripheral blood
leucocytesd*: 113, 155157 (paragraphs 124-137) indicate
that the yield of chromosome-type aberrations is con-
stant throughout the G, phase. In the plant and animal
studies referred to above, it has generally been found
that, at a given dose level, the yield of chromosome-
type aberrations is less than the yield of chromatid-
type aberrations, The limited comparisons that have
been made between the frequencies of those two
kinds of aberrations in human peripheral blood leu-
cocytes suggest that a similar pattern exists, the maxi-
mum sensitivity occurring in cells irradiated while in
Gg.lél, 142, 144

74. Tt should be emphasized here that symmetrical
chromatid intrachanges (including duplication, defi-
ciencies and pericentric inversions) and symmetrical
interchanges will all result in an abnormal monocentric
chromosome in one (or in both in the case of inter-
change) of the daughter cells produced as a result of
mitosis. The replication of these abnormal chromosomes
will result in the appearance of “derived”” symmetrical
chromosome-type aberrations at the second mitosis
following their induction. Similarly, if asymmetrical
chromatid interchanges and chromatid fragments are
included in the daughter nuclei, then these also will
result in “derived” chromosome-type aberrations ap-
pearing at the second mitosis. Such asymmetrical
chromatid aberrations (for example, dicentric chroma-
tids) have a finite probability (up to P = 0.5) of
being transferred intact to one of the daughter nuclei
so that up to one-half of them will inevitably result in
“derived” chromosome-type aberrations (figure 3).
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Figure 3. Examples of “derived” chromosome-type aberrations at the second (X.) mitosis after
irradiation®

* These aberrations have been derived from aberrations that were of the chromatid-type atr the first mirosis after
irradiation, Note that only a limited number of the possible anaphasc configurations are shown and that in many
instances an acentric fragment -will be lost and may not, for example, be found in association with the chromo-
some(s) from which it is derived,
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D. SUBCHROMATID-TYPE ABERRATIONS

75. Subchromatid-type aberrations are exchanges
within or between chromosomes which appear to in-
volve a subunit of the chromatid.’” These aberrations
arise spontaneously in meiotic prophase cells of a wide
variety of plant and animal species!* but have not so
far been recorded in man. They can be induced by
chemical agents, ultra-violet light and ionizing radia-
tions,'® #0. 48 byt they are produced only in cells ex-
posed while in early prophase of mitosis or meiosis.

76. Because subchromatid-type aberrations are rela-
tively infrequent and because they cannot be induced
by irradiation of unstimulated peripheral blood leu-
cocytes (these cells being in early G,). no information
on their frequency in irradiated human cells is avail-
able. They will, therefore, not be considered further in
this review,

E. ANEUPLOIDY

77. In cytological preparations of cells from normal
diploid individuals, a small percentage of the cells
appears to be deficient for one or more chromosomes
(i.e.. are hypodiploid) and an even smaller percentage
may contain one or possibly more extra chromosomes
(i.e., are hyperdiploid). The frequency of such aneu-
ploid cells may vary between individuals as well as
between samples taken concurrently from the same
individual. A certain proportion of the aneuploid cells
is certainly an artefact resulting from cell breakage
during cytological processing. However, there is reason
to believe that aneuploidy is a natural phenomenon in
peripheral blood leucocytes of standard diploid in-
dividuals and that its frequency may be related to age
and sex of the individual.

78. Cytogenetic surveys on human populations!?*
124, 158-184 have shown that aneuploidy is slightly more
frequent in peripheral blood leucocytes of females than
of muales. In females, this aneuploidy is largely a con-
sequence of the loss of a chromosome in groups 6 to
12 (possibly an X chromosome, presumably the in-
active X), whereas, in males, it i1s largely a conse-
quence of the loss of the Y chromosome. Aneuploidy in
blood leucocytes of the new-born may be less than
3 per cent but may reach a value as high as about 13
per cent in adult females and 7 per cent in males. In
males, this increase with age is not clearly apparent
until around age sixty-five, but, in females, it is ap-
parent a decade earlier, Kerkis et al®® have sug-
gested that this increase of aneuploidy with age may
be a comsequence of differences in the response of cells
to hypotonic treatment in culture.

79. 1t has been shown!?? that the incidence of aneu-
ploidy in any given cell culture increases with increasing
culture time as a consequence of cells undergoing more
than one mitotic division in culture. Reference has already
been made to the fact that the presence of chromosome
structural changes in cells will frequently lead to
chromosome loss. and this is to Dbe expected parti-
cularly with aberrations that may result in bridges
at anaphase. Thus, the presence of even a low fre-
quency of spontaneous or radiation-induced aberrations
at the first division of the cells in culture will lead
to an increase in hypodiploidy in the daughter cells
observed at the second and subsequent mitoses.

80. In addition to the increasing frequency of hypo-
diploidy with increasing age, it should be mentioned
that, in rare instances, certain individuals may con-
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tain two or more cell lines differing in chromosome
number as a result of chromosome loss or gain occur-
ring in the early stages of development of the individual.
These particular instances of chromosome mosaicism are
not entirely relevant here, since the majority of such cases
are to be found in individuals having a cell line
possessing one or more chromosome additional to the
normal diploid chromosome number or, in abnormal
females. containing a proportion of cells lacking an X
chromosome,

81. A number of workers have reported an increased
incidence of aneuploidy (hypodiploidy) in peripheral
blood leucocyte cells obtained from individuals ex-
posed to radiation 4 128 129, 163188 5nd similar increases
have been reported in in witro studies.13® 138 160-172
Thus, two groups of workers!®®13%8 gugeest, on the
basis of their in witro data, that the incidence of aneu-
ploidy increases linearly with increasing x-ray exposure,
at least up to a certain dose. It should be pointed out,
however. that in all these studies, the cells sampled
had been allowed to grow in culture for seventy-two
liours or more so that in many cases cells in their
second and third division in culture were being sampled
(paragraphs 124-137).

82. In some of the earlier'® 3. 17 and in most of the
more recent studies, 16 127 132, 133, 133 ng differences have
been found in the incidence of aneuploidy in blood
leucocytes from irradiated individuals or in cells
irradiated in vitro as compared with controls. Buckton
et al® quote a mean value of 3.8 per cent aneuploidy
for fifty-three patients treated with x rays for anky-
losing spondylitis and a value of 3.7 per cent in un-
irradiated control patients. Similar values of 3 per
cent were noted by Ishihara and Kumatori?*® in their
Thorotrast patients and in controls, although rather
higher values of around 10 per cent in both control
and irradiated personnel were found by Visfeldt.**

83. There seems little question that many of the
hypodiploid cells that have been noted in radiation
studies were either cells that were carrying chromo-
some structural changes, such as dicentrics, or were more
probably cells that had contained aberrations but had
proceeded through more than one mitosis in culture
and had lost aberrant chromosomes (for example,
dicentrics or centric rings) at their first division. The
incidence of aneuploidy cannot, therefore, be simply
correlated with a previous radiation history and can-
not be used in a quantitative manner as an indicator
of radiation absorbed dose.

84. In genetic terms, the loss of a normally gene-
tically active chromosome from the complement is
serious, and, if it does not result in the death of the
cell, clearly constitutes a mutation. The presence of
aneuploid cells in the germ line would lead to the
formation of inviable zygotes, except in the case of
the loss of one sex chromosome (as discussed in the
1966 report® of the Committee) or in very rare in-
stances of the loss of a chromosome in group G.176178

F. PorvpLoiDYy

85. Many workers have noted that irradiation in
Plyotd 44,126,179, 180 o 4y gjtrel3% 140, 118 may result in
an increased incidence of polyploidy in peripheral blood
leucocytes. Thus, Kelly and Brown®® reported that,
with x-ray doses of up to 400 rads in vitro, the incidence
of polyploidy increased in proportion to the square of
the x-ray dose; these authors used culture times of



seventy-two to ninety-six hours. Other authors, for
example. Fischer et al'™ in their work with Thoro-
trast patients, although noting an increase in polyploidy
in blood cells of irradiated patients, have found no
quantitative relationship Dbetween the frequency of
polyploidy and radiation dose. On the other hand, in
some of the other early work, both in viyo'®8 12 and
in witro1®® there appeared to be no association what-
soever between radiation exposure and an increase in
polyploidy.

86. More recent work has shown that few or, quite
often, no Eolyploid cells are observed following in
vivo*® 181 182 or {4y 2itro'15 183 jrradiation, provided the
leucocytes are cultured for no more than forty-eight
to fifty-four hours. However, if cells are cultured for
longer periods of time. then polyploid cells appear
(even in unirradiated samples), and their incidence
increases with increasing culture time up to sixty-
eight hours,110

87. It has been noted?*® 182 183 that a very high pro-
portion of polvploid cells contain aberrations, parti-
cularly chromosome dicentrics and centric rings, in
pairs (i.e., the aberrations have been duplicated). In
the studies of Ishihara and Kumatoril®? on the incid-
ence of polyploidy in leucocyte cultures irradiated 1n
vitro and sampled seventy-two hours or ninety-six
hours later (that is, cells in their second. third or fourth
mitosis after irradiation—paragraphs 124-137). it was
found that the tetraploid and octoploid cells consis-
tently contained a higher frequency of chromosome
aberrations than the diploid cells in the cultures: that
is, the number of pairs of identical aberrations in the
polyploid cells was greater than the number of single
aberrations found in an equivalent number of diploid
cells,

88. In leucocyte cultures sampled ninety-six hours
after an exposure to 350 roentgens of gamma rays, the
same authors found that all the polyploid cells con-
tained pairs of aberrations (mainly dicentrics. tri-
centrics, and rings), whereas only one-third of the
diploid cells contained aberrations of any sort. This
kind of observation suggests that polyploidy in these
cases is largely a consequence of the presence of chro-
mosome aberrations. Asymmetrical aberrations will
interfere with the separation of sister chromatids at
mitosis, and interlocked chromosomes and chromo-
some bridges will prevent a clean separation of the
anaphase groups. Thus, the nucleus may not be allowed
to complete its division but passes into interphase in
its doubled state and re-emerges as a polyploid nucleus
at the next division.

89. It is clear from these considerations that the
bulk of the observed polyploidy is probably a conse-
quence of the mechanical difficulties arising from the
presence of asymmetrical aberrations in cells that are
allowed to proceed through a number of divisions in
culture. Polyploidy is. therefore, a secondary pheno-
menon, and, since its incidence will vary not only with
dose but also with the number of mitotic cycles com-
pleted in witro. it cannot be used as a reliable indicator
of absorbed radiation dose. It is probable that poly-
ploidy in somatic cells may be of little significance
in terms of somatic hazards (for instance, polyploidy
exists as a natural phenomenon in a proportion of
normal adult liver cells), aithough there is no direct
information on this point. Polyploidy in primitive
germ cells (meiocytes) will, however, result in the
formation of unbalanced gametes.
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G. EXNDOREDUPLICATION

90. The presence of cells containing endoredupli-
cated chromosomes has, on occasion, been noted in
peripheral blood leucocyte cultures exposed to x irra-
diation,140. 146, 184, 285 A in the case of polyploidy, cells
showing endoreduplication are sometimes found in
untreated leucocyte cultures, and the process of endore-
duplication can be facilitated by exposure of the cells
to certain spindle inhibitors, such as colcemid.

91. No relationship has been found between radia-
tion dose and the frequency of endoreduplication 40
146, 184.185 Moreover, it is clear that endoreduplication
necessitates two or more cycles of chromosome repli-
cation in culture and is, therefore, rarely observed in
leucocytes cultured for forty-eight hours. whereas it
increases in frequency with increasing culture time.14%
188 The incidence of endoreduplication has no real
merit as an indicator of absorbed radiation dose.

H. CoxcLusioNs

92, The aberrations that have been described must
now be considered from the two viewpoints of their
importance in relation to genetic hazards, particularly
in somatic cells, and of their use in providing a mea-
sure of absorbed dose. These aspects will, of course,
be considered in detail in the later sections, but there
are a number of both general and specific points that
can best be made at this time,

93. It is clear from the description of the aberra-
tions that all result in some kind of genetic change and
that the majority result in genetic deficiencies, If the
deficiencies are small, they may be tolerated. The
amount of loss that can be tolerated will depend both
upon the nature of the genetic information lost and
upon the normal destined role of the cell in the body.
Genetic deficiencies in stem cells will, in general, be of
far greater importance than similar deficiencies in cells
that were undergoing differentiation.

94. Many of the asymmetrical aberrations will be
cell-lethal so that their consequernces are more or less
immediate. Cell death may follow, either as a direct
consequence of the loss of genetic information in the
form of acentric fragments or even whole chromo-
somes, etc., or as a result of the mechanical difficulties
that occur at mitosis. Aberrations in resting cells may
play no role until the cells are stimulated to undergo
mitosis. Only in those tissues that normally contain
proliferating cells, therefore, will chromosome aberra-
tions be a significant contributory cause of the cell
depletion that occurs very shortly after radiation expo-
sure. However, only a proportion of the aberrations
will result in early cell death, since the presence of
certain structural changes, such as the symmetrical
aberrations described, does not result in a rapid lower-
ing of cell viability. If symmetrical aberrations are
produced in germ-cell precursors. they may result in
genetic imbalance in the gametes. leading either to
dominant lethality in the embryo or to drastic effects
in the resultant offspring. It is clear, therefore, that
the aberrations that will contribute to iong-term
hazards in both somatic cells and germ cells are essen-
tially the small deficiencies and svmmetrical changes
(duplications, inversions and reciprocal translocations)
thz;;t are difficult to score efficiently and are not cell-
lethal, '




95. In considering the various kinds of chromo-
some aberrations produced by ionizing radiations (and
by other agents), it has already been indicated that
certain types of aberrations may offer a more useful
index than others in the context of their possible appli-
cation as biological indicators of absorbed dose. Aneu-
ploid and polyploid cells produced following radiation
exposure have been shown to arise largely as a second-
ary consequence of the presence of chromosome struc-
tural changes. Moreover, the presence of these abnor-
mal cell types depends upon the fact that cell division
must intervene between the time of radiation ex-
posure and the time of observation. These particular
anomalies are, therefore, not only less frequent than
the chromosome structural changes that give rise to
them, but also highly variable in their frequency, and
must be considered as very inferior biological end-
points relative to the chromosome structural changes.

96. A vast amount of information exists on the
relationship between radiation dose and the yield of
the two kinds of chromosome structural changes (i.e.,
chromosome-type and chromatid-type aberrations) in
a variety of plant and animal cells. This has shown!? 2*
that, for a given quality of radiation, there exists a
strict relationship between aberration yield and ab-
sorbed dose and that, for certain aberration types, the
yield is markedly dependent upon the dose rate and
the stage in development of the cell at the time of
irradiation. Detailed studies, particularly with plant
materials. have shown that, for a given cell type and
known sampling time after irradiation, the variation
between individuals is small and that different observers
score similar aberration yields when materials are
exposed under similar conditions. Indeed, trained
observers using materials such as Tredescaniia micro-
spores and Vicia faba root-tip cells can, through deter-
mining aberration yield, estimate doses to within a
few per cent,

97. The experience and information obtained on
chromosome damage in species other than man suggest
that a similar strict relationship between radiation dose
and chromosome aberration yield should also apply to
human cells, and #n vitro radiation studies strongly
indicate that such a relationship, in fact, exists. More-
over, there is every prospect that, in man, the varia-
tion in response at the chromosome level between
different individuals will be of the same order as the
small variation observed between individual plants, and
preliminary studies indicate that this is, in fact, the
case.

98. It has been stressed earlier that chromatid-type
aberrations are only induced by radiation when cells
are exposed while in the S or G2 phases of interphase.
These aberrations are, therefore, of little use as dose
indicators in the case of peripheral blood leucocyte cells
existing in a normal G, state. but they can be used in
normally proliferating cells. However, it should be
emphasized that great care must be exercised in using
such aberrations, since, even within the confines of the
G- (or §) period, the yield of chromatid-type changes
is very markedly influenced by the degree of develop-
ment of a cell wiihin a given interphase stage. No such
dependence has been noted in relation to chromosome-
type aberrations induced in Gy cells.

99. In addition to the constant sensitivity of Gi
cells to chromosome-type aberration induction by
radiation, these particular aberration types have an
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added advantage as possible indicators of radiation-
absorbed dose since their spontaneous  frequency is
extremely low. A number of cytogenetic surveys on
human populations, in which chromosome analysis has
been carried out on peripheral blood leucocytes taken
from hundreds of individuals, have shown that the
presence of an asymmetrical chromosome-type aberra-
tion is an extremely rare event. For instance. an analy-
sis of some of the available data (table I) indicates
that a dicentric aberration occurs. at most, about once
in a sample of about 2,000 cells. and possibly its fre-
quency may be even less than one in 8.000 cells.

100. It is evident from the foregoing considerations
that, on general cytological grounds, chromosome-type
aberrations are superior to other forms of chromosome
aberrations in terms assessing absorbed dose. It should
also be noted that the simplest and most convenient
source of human material for studying aberration yield
following in wiwo exposure are the peripheral blood
leucocytes and that the aberrations that are induced in
these cells by ionizing radiations are chromosome-type
aberrations.

101. It has already been concluded that the {re-
quency of chromatid-type aberrations in cultured peri-
pheral blood leucocytes may bear no relationship to
the radiation exposure of an individual, and it has
been pointed out that these aberrations may arise spon-
taneously in culture or be produced in culture follow-
ing virus attack or exposure to certain chemical agents.
It should be added here that the aberrations that may
be induced by virus attack will not influence the yield
of chromosome-type aberrations, provided that only
cells in their first division in culture are sampled. One
can feel fairly sure on this point, since the frequency
of chromosome-type aberrations in blood cells of indi-
viduals previously exposed to a virus infection is no
higher than in unexposed individuals.

102, The fact that (paragraph 74) chromatid-type
aberrations seen at the first mitosis following irradia-
tion can result in “derived” chromosome-type changes
at the second division will be of importance if cells are
allowed to proceed through more than one division in
culture. The relative importance of such “derived”
changes will depend markedly on dose and will be
small when the yield of true chromosome-type aberra-
tions is high but will be very important when the yield
of true chromosome-type changes is low.

103. Although the possible complications introduced
by chromatid-type aberrations and their “derived”
chromosome-type counterparts is obviated if only cells
in their first mitosis after irradiation are sampled
(paragraphs 124-137), we should note that the expo-
sure of individuals (as opposed to cells in witro) to
certain chemical agents'®” may well result in increased
frequency of chromosome-type aberrations in their
peripheral blood leucocytes. It is important, however,
to recall that leucocytes (small lymphocytes) carrying
chromosome-type aberrations may survive in the body
for long periods (up to many years). This complica-
tion of in vivo effects of chemical mutagens may only
be important in relation to individuals that have been
treated for certain clinical conditions with potent chem-
ical mutagenic agents,” 7> for example, nitrogen mustard.

104. Finally, it should be stressed that, when
attempts are made to obtain information on absorbed
dose through scoring chromosome-type aberration
yields. it would be valuable if the aberrations were




classified in detail in the form described in paragraphs
25 to 34.

III. Materials and methods of study
A. INTRODUCTION

105. Any tissues containing cells that are normally
involved in proliferation or cells that can be made to
proliferate by various means can be utilized for chromo-
some analysis, Chromosome studies on mammalian
cells have been carried out on a variety of proliferating
tissues, including skin, intestinal epithelium, corneal
epithelium, bone marrow, various lymph nodes, spleen,
thymus and gonads (particularly testis). In addition,
certain cells from tissues that do not normally pro-
liferate in the adult animal can be made to undergo
mitosis; this has been done mainly with liver tissue
and blood. Mitotic divisions occur in liver cells when
the liver regenerates following partial hepatectomy, and
blood leucocytes can be stimulated by various means
to proceed into a mitotic phase in short-term in witro
cultures,

106. All the above cells or tissues have been used
by various workers in studies on radiation-induced
chromosome aberrations. In laboratory mammals, bone
marrow, lymphatic tissues, corneal epithelium, liver
cells, peripheral blood leucocytes and gonads have been
the principal tissues used. In man, the great majority
of the work has been carried out with peripheral blood
leucocytes, and some information has been obtained
using bone marrow and skin.

107. Chromosome preparations can be made from
cells that are proliferating in vivo without the neces-
sity for #n wilro culture, and direct preparations made
in this way exclude the possibility of adverse effects
arising during in witro culture. However, in the case
of man, the only tissue from which a sufficient number
of dividing cells can be directly obtained without
recourse to surgery is the bone marrow. Mitotic cells
can, of course, be obtained from skin, but to obtain
sufficient cells of good cytological quality from small
samples of skin requires in vitro culture.

108. Excellent techniques!®® 180 exist for obtaining
direct chromosome preparations for human bone-
marrow cells, but, to obtain good quality spreads, the
cells must in all cases be exposed to certain pre-
fixation treatments, including treatment with colchicine
and hypotonic saline so that some handling of the
living cells i witro is required. In the case of human
skin, the standard technique (see reference 190) in-
volves setting up primary cultures and making cyto-
logical preparations from outgrowing fibroblasts some
days after culture initiation.

109. One major disadvantage of the use of bone
marrow and skin cells in terms of their possible use
in “aberration dosimetry” is the fact that these tissues
consist of populations of asynchronously developing
cells. Thus. when an individual is exposed to radiation,
bone marrow and skin cells in all stages of develop-
ment in the mitotic cycle will be irradiated. This means
that both the type and yield of chromosome aberrations
will change quite rapidly with time even in the first
few hours after exposure.

110. Information on the sensitivity of man’s proli-
ferating cells (both somatic and gonadal) to radiation-
induced chromosome damage is of the utmost impor-
tance in relation to assessing hazards. However, it

110

is clear that, except under very exceptional cir-
cumstances, for example, where serial-marrow aspi-
rates can be taken shortly after irradiation and when
the time of exposure is accurately known, the idea of
using chromosome damage in these particular cell
systems as a general means of estimating absorbed dose
cannot be entertained.

111. Because of the change in radiation response
with cell-development phase, cells that are exposed to
radiation while in a resting phase and are then
stimulated under controlled conditions to proceed into
mitosis offer the best possible system for radiation
dosimetry from the cytological viewpoint. Although
regenerating liver cells fall into this category, clearly
their use in man must be ruled out. However, the
development of a technique (paragraphs 113-123) for
culturing peripheral blood leucocytes and stimulating
them to undergo mitosis in short-term culture has
provided a most suitable cytological system. The
peripheral blood leucocyte culture technique is simple
and reliable. By using this technique, large quantities
of mitotically active cells can be obtained quickly and
painlessly and, if required, large numbers of samples
can be taken from any one individual without causing
bodily injury or suffering.

112. Peripheral blood leucocytes from normal
healthy individuals do not usually undergo mitosis in
peripheral blood vessels, and exposure of these cells
to tritium-labelled thymidine®®-1%8 reveals that less
than one cell in 1,000 undergoes DNA synthesis, It has
been established 93195 that these leucocytes rest in an
early interphase or G; state so that, following radiation
exposure, they contain chromosome-type aberrations
if and when they appear at mitosis. Moreover, since
these cells are all in the same stage of development, the
variation in response between cells should be minimal,
Since most of the work on radiation damage in man'’s
chromosomes has been carried out with these cells, and
because some differences between results obtained in
different laboratories have emerged, some of the details
and various modifications of the techniques used will
now be briefly considered.

B. THE PERIPHERAL BLOOD CULTURE TECH NIQUES

113. A number of recent articles?®® !#7 have detailed
the basic principles of the leucocyte culture technique
and have described the earlier developments by Osgood
and his colleagues'®® 1 and by Nowell?90: 201 that
culminated in the successful use of this system for
human cytogenetics.!* 202 In this brief account, there-
fore, we shall be concerned only with the general prin-
ciples and with certain specific variations in metho-
dology that have been used in the studies on radiation-
induced chromosome damage to be considered in the
succeeding sections.

114, The culture of peripheral blood leucocvtes in-
volves the introduction of leucocytes, either following
their separation from the other blood elements or
simply in whole heparinized blood, into a tissue-culture
medium containing a mitotic stimulant. The tissue-
culture media used contain a standard. defined, syn-
thetic medium (such as TC medium 199) with anti-
bictics plus serum (or plasma), the serum making up
irom 10 to 40 per cent of the total volume (usually
about 6-10 ml), The serum used may be autologous
or homologous (usually AB) human serum, or {fcetal
or adult bovine serum.

i



115. The mitotic stimulating agent (or imitogen)
normally emploved is the plant mucoprotein phyto-
hemaggliuiinin (PHA). and it is clear that the cells
that are stimulated to transform into blast cell types
under the action of PHA and then to proceed into
mitosis are the small lymphocytes.19% 203. 204 Although
PHA is the mitogen that has been used in almost all
radiation work, another plant extract from the poke-
weed (Phytolacca americana) is also effective.?®

116. The fact that PHA stimulation appeared to
be restricted to the immunologically competent cell was
partly responsible for the work that led to the finding
that small lymphocytes from donors sensitive io a
particular antigen may be stimulated to transform
into blast cells and divide in the presence of this anti-
gen 29208 Tn fact, this conversion to blast cells also
occurs when lymphocytes from different donors are
mixed in culture in the absence of any plant
mitogen.2v% 209

117. The amount of heparinized blood used for a
single culture may be as little as a fraction of a
millilitre (~ 34 m!) if whole blood is inoculated into a
culture vessel containing around 3 millilitres of culture
medium, giving a so-called microculture; or, leucocytes
may be separated from samples of around 5 to 10
millilitres of whole blood and approximately 107 cells
inoculated into a culture bottle containing 5 to 10
millilitres of culture medium.

118. In cultures containing PHA and incubated at
37°C, the small lymphocytes are stimulated to undergo
RNA and protein synthesis, enlarge in size and proceed
through a DNA-synthesis phase and thence pass into
mitosis. The first cells to reach mitosis do so after
thirty-six to forty hours in culture. At forty-eight
hours, a considerable number of cells are in their first
division in culture (paragraphs 124-137). We should
note, however, that temperature is, of course, a very
important factor in influencing the rate of cell develop-
ment and that fluctuations of as little as 1°C have
marked effects. Moreover, there may be other. as yet
undefined, factors that may influence the cell devel-
opment rate.

119. The cells that are stimulated to pass into
mitosis may go through a series of cell cycles so that
the maximum number of cells in division in the culture
are usually to be found approximately seventy-two
hours after culture initiation. The cultures, however,
are strictly short-term and cannot be maintained inde-
finitely, since there is a continued decline in the number
of viable mitotic cells aiter the first few days. In a
large proportion of the laboratories that carry out
human cytogenetic studies, peripheral blood leucocytes
are cultured for seventy-two hours so as to obtain the
maximum number of divisions. This practice has also,
unfortunately, been the custom in much of the work in
radiation cytogenetics.

120. Up to four hours (or more in certain cases)
prior to termination of a culture, a small amount of
colchicine or diacetylmethylcolchicine (“Colcemid”
—around 0.05 g ml™?* of medium) is added to accumu-
late cells at the metaphase stage of mitosis. After an
appropriate time, the culture medium is removed,
following centrifugation (5 or 10 minutes) at about
25 to 100 G, and the cells resuspended in a hypotonic
solution such as 1 per cent sodium citrate? or a 0.75
molar solution of KCl for a few minutes before they
are fixed in acetic alcohol.?!® Suspensions of the cells
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in acetic alcohol are dispensed as drops onto clean
microscope slides and allowed to dry,” the cells flat-
tening out during the drying process. Most laboratories
have their own variations on the general cytological
technique outlined here, but the end result is the pro-
duction of a number of slides containing scores of
well spread metaphase cells from each culture. These
cells are usually stained with acetic orcein or Giemsa,
etc., according to individual preferences.

121. Although first class preparations are required
for accurate scoring, the variations between laboratories
in their detailed cytological procedure after fixation
may not be of grea* importance in the context of
influencing the frequency of the chromosome aberra-
tions that are eventually scored in metaphase cells.
However. it has been suggested !'- 212 that variations
in the techniques of culture (for example, the ques-
tion of type of serum used and the use of whole blood
or leucocytes separated by sedimentation or by cen-
trifugation) may be important, since different aberra-
tion yields have been obtained in in witro studies carried
out by laboratories using slightly different techniques
(paragraphs 154-170).

122. In most of the work on chromosome aberra-
tions induced following in #ivo radiation exposures,
leucocytes have been separated from blood samples
either in buffy coat, namely, following fairly high speed
centrifugation (~ 3,000 rpm in a clinical bench cen-
trifuge, or around 1,800 G), or by low-speed centri-
fugation (<500 rpm or about 25 G) and/or gravity
sedimentation with or without the presence of an agglu-
tinating agent. Separated leucocytes have also been
used in many of the in vitro studies, whereas in other
in witro work small samples (~ 0.3 ml) of whole blood
have been used to set up microcultures.?!3

123. 1t is not yet known whether there is any selec-
tive loss of cells suffering from radiation damage when
high speed centrifugation is used. At equivalent dose
levels, however, aberration yields are significantly
higher in laboratories using the microculture technique
following in witro irradiation of whole blood than in
laboratories using cells obtained following buffy coat
separation (paragraphs 154-183). Recent compari-
sons®4% 215 have indicated that there is no difference
in aberration yield between leucocytes separated by
gravity sedimentation and leucocytes cultured as part
of a whole blood inoculum. Direct comparisons between
each of these techniques carried out within the different
laboratories are certainly required.

C. CULTURE SAMPLING TIME

124. 1t has already been indicated that chromosome-
type aberrations in peripheral blood leucocyte cells
offer the best cytological combination, if aberrations
are to be used for biological dosimetry. Consideration
should. therefore, now be given to the influence of
culture sampling time on the yield of these aberrations,
since in recent years it has been clearly shown that
the yield of chromosome-type aberrations declines, as
is, of course, to be expected, with increasing leucocyte
culture time,

125. Most of the published data on chromosome-
type aberration frequencies in human leucocytes cul-
tured in vitro have been obtained from cells that were
allowed to grow in culture for seventy-two hours be-
fore fixation and slide preparation. As has already
been mentioned, however, it has been known for some




time that a number of cells enter into mitosis as early
as thirty-six hours after culture initiation and that a
high proportion of the cells can be seen in division at
forty-eight hours. The presence of mitotic cells in
culture at forty-eight hours after culture initiation was
noted in some of the early studies by Nowell*? and
also by Bender and Prescott.1% More recent work has
now made it quite clear that, at seventy-two hours after
initiation, a majority of the mitotic cells may be in
their second or third division in culture. It is, in fact,
now evident that the cell-cycle time between successive
mitotic divisions in culture is about twenty to twenty-
four hours, % 115, 216, 217

126. It was established by Buckton and Piket% 18t
from their studies on patients exposed to x rays for
treatment for ankylosing spondylitis that the frequency
of chromosome-type aberrations in the blood cells of
these patients varied according to the duration for
which the cells were allowed to grow in culture, Cells
observed after seventy-two hours were found to con-
tain fewer aberrations than cells from the same blood
sample that were allowed to grow in culture for only
forty-eight hours. In cultures fixed after seventy-two
hours, tetraploid cells were present, and these cells
contained duplicated aberrations. Such duplicated aber-
rations were not observed at the earlier times, tetra-
ploid cells being rare or absent in cultures that were
allowed to grow for only forty-eight hours.

127. Observations similar to those of Buckton and
Pike were reported by Ishihara and Kumatori'®® from
their studies on blood cells obtained from Thorotrast
patients and from in wvitro studies on x-irradiated
blood samples obtained from normal individuals. These
latter authors observed that the yields of aberrations
in both i vivo and in vitro studies were twice as high
in cells harvested after forty-eight hours as they were
after seventy-two hours in culture and roughly four
times as high as the aberration yields in the same cell
populations after ninety-six hours in culture. More-
over, their later studies!®* on the incidence of poly-
ploidy are also in accord with the observations of
Buckton and Pike. Similar observations of a decline in
aberration yield with increasing culture time were
made by Nowell,®8 although in his studies the longer
culture times of seventy-two and 120 hours were used.

128. In summary, the work at Edinburgh in the
United Kingdom and at Chiba in Japan showed (a) a
reduction in the yield of chromosome-type aberrations
with increasing period of culture from forty-eight to
seventy-two hours; (b) the virtual absence of poly-
ploid cells at forty-eight hours but their presence in
high frequency at seventy-two and ninety-six hours;
and (c) the presence of duplicated aberrations in many
of the polyploid cells. These observations led inescap-
ably to the conclusion that a considerable proportion
of the cells observed in samples cultured for seventy-
two hours and ninety-six hours were cells in their
second (X.) or later (Xj X,, etc.) divisions in cul-
ture. This conclusion was later confirmed by workers
in the Soviet Union®* who showed that many of the
cells observed at metaphase after seventy-two hours in
culture at 37°C were in their third mitosis,

129. The reduction in the frequency of chromosome-
type aberrations with increasing culture time follows
from the fact that the aberrant chromosome structure
may be lost at anaphase of mitosis and that a propor-
tion of the cells carrying aberrations will, therefore,
be unable to participate in any further mitotic activity.
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For instance, acentric fragments tend to be excluded
from anaphase groups at mitosis so that both daughter
cells, if viable, may be difficult to distinguish from
normal cells when they divide at the second division
in culture, particularly if the fragments are very small.

130. In the case of dicentric- and centric-ring aber-
rations, a proportion of these structural changes will
result in anaphase bridges so that the aberrations and,
in most instances, the cells carrying them. will be lost
from the dividing population. Recent studies by Nor-
man and his colleagues® 218 on aberration yields in cells
cultured for fifty hours and seventy-two hours indi-
cate that the probability of loss of a dicentric is 0.5 per
division. Although aberrations and cells carrying aber-
rations may be lost, undamaged cells will proliferate
normally and will, therefore, comprise an ever-
increasing proportion of the cell population as culture
time increases.

131. Attention was earlier drawn to the fact that
by far the majority of workers have used seventy-two-
hour culture periods in their i vivo and in vitro stu-
dies and that most of these quote the autoradiographic
data of Bender and Prescott!® as demonstrating that
cells observed at mitosis after seventy-two-hours in
culture are cells in their first mitosis in culture. In
fact, Bender and Prescott stated that “the cells are in
their first post-labelling division at seventy-two hours”
when the cells were exposed to tritium-labelled thymi-
dine for thirty minutes after forty-eight hours in cul-
ture, In their experiment, it was clearly pointed out
that “‘numerous mitoses accumulated (by colchicine)
between forty-two and forty-eight hours in culture”,
and the authors refer to “the first wave of mitoses”
occurring at this time. From the recent extensive data
of Sasaki and Norman®!® and of Heddle, Evans and
Scott,!¥® it would appear that the first post-labelled
mitoses seen at seventy-two hours may well have
been cells in their second mitosis in culture, the ma-
jority of the cells being exposed to label in the inter-
phase period following the first mitosis in culture.

132, In studies of Sasaki and NormanZ2® cultures
of separated leucocytes were exposed to tritium-labelled
thymidine after various times during culture and then
sampled at various fixation times to determine the fre-
quency of labelled mitotic figures and the patterns of
label over the chromosomes, In addition, cells were
also x irradiated, and the frequencies of polyploid cells
and of cells containing doubled sets of acentric frag-
ments were studied after culturing for either fifty hours
or seventy-two hours, The results obtained with these
four different parameters showed that, at seventy-two
hours, 70-80 per cent of the cells were in their second
mitosis in culture, whereas there were no indications
of second division cells being present after fifty hours
in culture,

133. In the work of Heddle et al.*'3 the mitotic
index, the incidence of polyploidy and the yield of
chromosome-type aberrations were studied using a
whole blood microculture technique. These three para-
meters were scored in a series of cultures grown ror
periods of from thirty-six to 100 hours. The cultures
were terminated at successive four-hour intervals
throughout this period. and the cells were subjected
to a four-hour colchicine treafment prior to fixation.
This technique made possible an effectively continuous
sampling of all cells from the time of first appearance
of mitosis in culture up to sixty-four hours later. The
results showed that first division cells were observed




up to fifty-two hours and that a small proportion of
second divisions appeared at around sixty hours. At
approximately sixty-four hours, a significant propor-
tion of the cells were in their second division, and, at
seventy-two to seventy-six hours, by far the majority
of cells were in their second or even third divisions
with only a few first division cells present.

134. The data of Heddle ef al.}® show that, in cul-
tures irradiated in witro with x rays (150 rad) and
sampled at seventy-two hours, the yield of dicentric
and ring aberrations was approximately half the yield
found in similar cultures grown for up to ffty-six
hours, Furthermore. it was shown that this culture
time of seventy-two hours was at a transition point
between a peak of mitotic activity (due to second divi-
sions) occurring at sixty to sixty-four hours and a
later peak (due to third divisions) occurring at seven-
ty-six hours,

135. One of the reasons contributing to the use of
seventy-two hours as a standard culture time was the
possibility that irradiated cells were delayed in their
progression through the cell cycle. It is well known
that irradiation can result in mitotic delay in prolifer-
ating cells but that the amount of delay depends,
amongst other things, on the stage of development of
the cells at the time of irradiation. For instance, it has
been reported®!® that x irradiation of human fibroblast-
type cells in tissue culture results in virtually no delay
at the first post-irradiation mitosis of cells irradiated in
early Gy but in a considerable delay in the develop-
ment of cells irradiated while in late G;, § or Ga.
The recent data of Sasaki and Norman®® on blood
cells given a dose in witro of 500 rads from x rays
and of Heddle et al''® on microcultures given a dose
in vitro of 130 or 300 rads from x rays have indi-
cated that little or no mitotic delay occurs at these
dose levels,

136. The data of Evans!®® 136 show that the re-
sponse of the peripheral blood leucocytes to x-ray-
induced chromosome damage does not change with
development of the cells through the G, phase in cul-
ture, But these data, obtained from cells sampled at
one fixation time, do not preclude the possibility that
more than one cell population with differing radio-
sensitivities may be present in culture. There is not a
great deal of information available on this point. but
the data of Norman®* and of Heddle ¢¢ al*5 show that
there is no difference in aberration yield between cells
that undergo an early, as opposed to a late, transforma-
tion to blast cell types. The available observations,
therefore, suggest that, if there is a variation in the
average rate of development of blood cells in culture
between different individuals, and if there is some indi-
cation that certain blood donors may be “slow grow-
ers”,115 then this may be of little consequence provided
that only first division cells are sampled for aberra-
tion yield.

137. This point of cell cycle times has been con-
sidered at some length, since, for comparing quantita-
tive data on aberration vield. it is clearly of the utmost
importance to ensure that aberration frequencies are
determined using only first division cells. On the in-
formation that is at present available, this would neces-
sitate the use of cultures grown for around forty-eight
hours at 37°C. We should note, however, that at least
one laboratory*® has reported the presence of a propor-
tion of cells in thelr second mitosis in cultures exposed
to colcemid in their final three hours and terminated
at forry-four to Ofty-two and a half hours. This has

led other workers?® 218 221 to expose fifty-hour cul-
tures to colcemid for twenty-four hours prior to fixa-
tion 1n order to prevent cells from proceeding into a
second mitosis in culture, The duration of colcemid or
colchicine prefixation treatment may, therefore, be an
additional factor to consider in conjunction with dura-
tion and other conditions of culture.

D. CoxcrusioNs

138. Chromosome analysis in man can be carried
out quite readily on cells from three sources, namely,
skin, bone marrow and peripheral blood. For qualita-
tive work, cells from each of these three sources can
be used, and a number of studies have, in fact, been
made on the persistence and proliferation of cells con-
taining symmetrical aberrations in bone marrow and in
blood. In these studies, the presence of clones of cells
derived from an original single cell containing a radia-
tion-induced symmetrical aberration have been noted in
individuals studied many years after exposure to ioniz-
ing radiations.}3* 222224 The possible importance of
such persistent symmetrical aberrations as long-term
somatic hazards is considered later.

139. At the quantitative level, where the question
of using the aberrations produced in proliferating cells
to estimate absorbed dose is concerned, various phys-
ical and general biological problems arise. These prob-
lems will be considered later, whereas this section has
been confined to the relative cytological merits of the
various proliferating cell systems. From this discus-
sion, it is clear that, from the cytological viewpoint,
as well as because of the ease and simplicity of obtain-
ing single or repeated cell samples. the peripheral blood
lymphocytes are far superior to bone-marrow or skin
cells for quantitative work.

140. These peripheral blood lymphocytes exist in
a uniform stage of development in G; so that only
chromosome-type aberrations are produced in them
following radiation exposure. The more complex chro-
matid and subchromatid-type aberrations that will be
induced in a proportion of the skin and bone-marrow
cells are, therefore, normally absent. However, some
chromatid-type aberrations are observed in irradiated
lymphocytes. but these have been shown to arise during
cell development in culture, and their relatively low
ifrequency does not raise complications in the scoring of
the chromosome-type changes if only cells in their first
post-irradiation mitosis are scored.

141, Despite the apparent simplicity of the peri-
pheral blood leucocyte system, certain differences in
wn witro response have been observed between different
laboratories (paragraphs 154-183). Some of these dif-
ferences are a consequence of the use of radiations of
differing qualities (paragraphs 154-177) but, from the
discussion of the methods of leucocyte culture used in
various laboratories, it is evident that there are at least
two other factors of importance.

142, First, it is clear that different aberration fre-
quencies are observed if cultures are allowed to grow
for various periods of time in excess of fifty-four hours
and that this is almost certainly a consequence of the
appearance in culture of second and subsequent mitoses
which result in increasing the proportion of undam-
aged cells. The usual standard fixation time of seventy-
two hours used in many laboratories is not only too
late to find many first division cells but may also be on
the border-line hetween waves of second and third
mitoses in culture so that small differences in timing



and in culture conditions can be expected to have exag-
gerated effects on the aberration frequency. Informa-
tion on the rate of decline in aberration yield with
increasing culture time suggests that estimates of
aberration yield made at this late time of seventy-
two hours may be too low by as much as a factor of
two.

143. Second, it has been suggested that differences
in the methods used to handle the cells (and. in gen-
eral, differences in culture techniques) might conceiv-
ably contribute to variation in aberration yield. This
suggestion needs to be explored, and the various tech-
niques must be compared within laboratories. Moreover,
because of the present lack of knowledge concerning
possible subtle effects of minor variations in technique,
it is of the utmost importance for workers in this field
to define clearly the conditions of culture being used,
including temperature, centrifugation methods and cyto-
logical techniques.

144. Finally, it cannot be over-emphasized that lab-
oratories should endeavour to standardize scoring meth-
ods and presentation of data, giving, where possible,
the maximum amount of information on the frequencies
of all the various aberration types as outlined in
paragraphs 24 to 34.

IV. The relationship between aberration yield
and dose

A. INTRODUCTION

145, In considering the relationship between radia-
tion dose and aberration yield and the significance of
the aberrations in terms of their potential hazard, it
is important to note that a statistically significant in-
crease in chromosome-type aberrations is observed in
the peripheral blood leucocytes of individuals exposed
to low doses of diagnostic radiation. The human
chromosome complement is, therefore, sensitive to
aberration induction.

146. Reference was made earlier (paragraph 96) to
the relationship that exists between absorbed dose and
aberration yield in a wide variety of organisms and
cell types. A similar relationship between aberration
yield and dose must also exist in the case of man's
cells, and it is this relationship, coupled with the high
sensitivity of the human chromosome complement, that
forms the basis of the possible use of aberration yield
in dosimetry,

147. Interest in the potential application of aberra-
tion yields to estimate dose was largely stimulated by
early observations that the peripheral blood leucocytes
of persons exposed to radiations, either accidentally or
for therapeutic purposes, contained chromosome aber-
rations.® It was generally suggested that, in the case
of accidental exposure, determining chromosome aber-
ration yields in an exposed individual might provide
not only a simple but also a much more valid alterna-
tive to dose estimates based on physical measurements
and would make possible some sort of direct estimate
of the degree of biological damage incurred.

148. The merits and possible disadvantages of
“chromosome aberration dosimetry” are considered in
paragraphs 326 to 340. The present section is more
concerned with the kinds of data that have been ob-
tained from experiments, from radio-therapy treatments
and from incidents svhere aberration Irequencies were
determined under conditions where some kind of physi-
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cal estimate of dose was available, The available data
can be separated into two categories, namely, those
that have been obtained in in witro experiments where
accurate physical estimates of dose were available and
those obtained following in wivo (whole-body or partial-
body) exposure where physical dose estimates were,
in general, rather less accurate.

149. There are three principal reasons why studies
on the effects of irradiation in vitro are very important
in the context of any biological dosimetry technique
that involves using aberrations produced in wivo. They
are as follows:

(a) Chromosome damage sustained by leucocytes
in ¢ivo can only be readily ohserved following short-
term 1n vitro culturing of the cells. As has already been
seen, studies on aberrations induced in witro are
providing a means for determining the optimum
conditions for sampling and for defining the types
of observations that are required and the conditions
under which they should be made.

(b) Since many of the fundamental aspects of
aberration induction, such as the kinetics of response
and the influence of radiation quality and of exposure
time, etc., are similar in different species and in in
vitro and in @ivo exposures in organisms other than
man, the response of human cells exposed in vitro
is not expected to be different from the response ob-
tained in vivo.

(¢) Various authors'®® 22 have concluded that
the x-ray-induced aberration rates in mammalian
cells i wvitro are very similar to those seen in
vivg. There is. thus, a strong possibility that the
sensitivity of the peripheral blood leucocytes in vitro
may be similar to that in vivo.

150. Bender’s conclusion was arrived at follow-
ing comparisons between the response of chromosomes
in Chinese hamster bone-marrow cells!®! and corneal
epithelium cells**¢ and. more particularly, between
in vivo exposure of bone-marrow cells of the spider
monkey (Ateles spp.) and in vitro exposure of con-
tinuously cultured kidney cells of the same species.’”

151. It might be expected that the in witro irradia-
tion of freshly drawn human whole blood, as opposed
to irradiation studies on established human cell cul-
ture lines, might closely approximate the irradiation of
these cells while they are circulating in the peripheral
blood system. As yet there is only a small amount of
direct information on this point.®*7

152. In line with this suggestion are the recent
preliminary and unpublished studies of Cleminger?8
on rabbits. In this work, blood was taken irom animals
and given a total gamma-ray dose of 300 or 300 rads
from cobalt-60 following which the animals themselves
were given either of these doses. Within each dose
level, the aberration yields in blood cells exposed 1n
vitro and in cells from blood sampled ten minutes after
whole-body irradiation were found to be closely similar.

153. In the in wivo radiation studies made on man.
a considerable amount of data has been accumulating
on aberration yields in peripheral blood lymphocytes
of individuals exposed to radiations, although a great
deal of these data, as is the case in much of the in
vitro work, comes from cultures grown for seventy-
two hours or more. Since the conditions of i wiw
exposure are so diverse and the information obtained is
so varied, the i wivo studies will be considered sepa-
rately according to type of exposure.




B. In witro STUDIES

1. X rays and gamuna rays

154, Dose-response data from in zifro x-irradiation
studies on peripheral blood leucocytes have been ob-
tained by fourteen groups of workers. These data ap-
pear in twenty-three separate publications,3t 8% 123, 137,
188, 140, 138, 211, 220, 238 gply thirteen of which report
data on cells cultured for less than fifty-four hours, In
assessing these data, there are at least three important
differences in experimental conditions that are of im-
portance. These are (a) the use of different culture
times; (b) the irradiation of whole blood prior to
culture as opposed to the irradiation of blood in cul-
ture; and (c) the use of different qualities of x rays.

153, In the original data of Bell and Baker9 ter-
minal deletions and exchange aberrations both in-
creased approximately linearly with increasing x-ray
exposure, and the yield of exchange aberrations was
dose-rate dependent. For instance, at 200 roentgens,
2.1 exchanges per cell were recorded when the exposure
rate was 160 roentgens per minute but only 1.0 ex-
change per cell when the exposure rate was 1.6 roent-
gens per minute. In these experiments, however, the
cells were cultured for 100 hours, and, in addition, in
some of the experiments, radiation was given at various
times after culture initiation. No firm conclusions on
response with dose can, therefore, be drawn from these
data.

156. The data of Bender and his colleagues!? 22
were obtained by irradiating whole blood with up to
200 roentgens (250 kV x rays, HVL 2 mm Cu) and
culturing separated leucocytes by using the buffy-coat
technique. In Bender’s laboratory, cells were sampled
at seventy-two hours so that the aberration yields re-
ported may be under-estimates. Coefficients of aberra-
tion production were given as yield per cell-roentgen
in the case of deletions and yield per cell-roentgen
squared in the case of dicentrics and rings. In two
experiments, values of 0.9 and 1.1 103 deletions per
cell-roentgen and 5.2 and 6.0 10-% dicentrics -} rings
per cell-roentgen squared were obtained.

157. It has been claimed!3% 2!! that Bender’s dicen-
tric + ring data give a best fit to the relationship
y = kD% rather than to y = kD?, where y = yield,
k = a constant and D = dose, A very relevant point of
interest in these data is the fact that, in the first ex-
periment of Bender and Gooch, a culture was grown for
fifty-four hours in addition to parallel cultures grown
for seventy-two hours. In the hfty-four-hour culture,
the aberration yield was 50 per cent higher than in
similarly irradiated cells grown for seventy-two hours.
This is in accord with the expectation that the coefficient
for aberration production obtained from seventy-two-
hour samples may be too low.

158. Kelly and Brown'®7 irradiated whole blood
(200 kV x rays, HVL 1.5 mm Cu) and cultured sepa-
rated leucocytes for seventy to ninety-six hours after
exposures of from 100 to 1,600 roentgens. The data were
analysed according to the equation y = kD?, but they
were not uniform. Over the full dose range the coef-
ficient for the yield of dicentrics was 0.9 10-% per cell-
roentgen squared and was considerably lower than that
obtained by Bender and his colleagues. If the data ob-
tained at exposure above 200 roentgens were omitted,
a coefficient of 5.6 10—% per cell-roentgen squared (i.e.,
similar to that obtained by Bender) was obtained.
Clearly, culture time played a very important part in

115

these experiments, and no firm conclusion on the rela-
tionship Dbetween dose and yield can be drawn from
these data,

159. The original data of Norman and his col-
leagues®™ were obtained from lymphocytes that were
irradiated in whole blood (100 kV to 1.9 MeV x rays)
and then cultured, after separation by centrifugation,
for seventy-two to ninety hours, Doses of up to 1,200
rads were used, and dose rates ranged from 10 to 200
rads per minute, No effect of dose rate was observed,
and a coefficient for the production of dicentrics of
2.7 10°¢ per cell-roentgen squared was obtained. These
data for dicentrics gave an excellent fit to the equa-
tion y =kD? and the coefficients obtained in these
data are approximately one-half of those obtained by
Bender's group. No significant differences were ob-
served between the effects of these two radiations of
different qualities.

160. In the very recent publications from Norman's
group®* 240 cells have been cultured for fifty hours
as well as seventy-two hours, and doses of up to 3,000
rads have been used, In these experiments, higher aber-
ration yields were observed at fifty hours, and the
coefficient for dicentrics and rings in these shorter
term cultures was 5.7 10-® per cell-roentgen squared,
almost identical with that obtained by Bender and his
colleagues. These data were obtained with x rays from
a linear accelerator giving a mean photon energy of
1.9 MeV, although it should be noted that Bender's
data were obtained with the more efficient 240 kVp
x radiation.#

161, Visfeldt>*? in his in vitro work has used only
three dose levels of up to 200 rads of cobalt-60 gamma
radiation and has reported higher aberration yields
than Norman et al. and Bender et af. In Visfeldt's
work, leucocytes were separated without resort to
centrifugation, and cultures rather than whole blood
samples were irradiated. Cells were sampled after
forty-eight hours in culture, and it is of Interest to
note that these gamma-ray data from irradiated
cultures approach the high yields obtained with
x-irradiated whole blood microcultures, It is im-
portant to note here also that the RBE for chromosome-
aberration production is about 0.8 for cobalt-60 gamma
rays relative to 250 kV x rays.2#3. ¢4

162. Mouriquand et al.’*® have exposed separated
leucocytes (gravity sedimentation) in autologous serum
to x irradiation (160 kV, 7.5 mA, 100 R per min) prior
to culture and have sampled cells seventy-two hours
later. The yields of dicentric aberrations obtained by
these workers were higher (coefficient of 3.2 107% per
cell R?) than those obtained by other authors
who irradiated whole blood. The data of Mouriquand
et al'¥® were very probably obtained from a
mixture of first and second division cells, and their
yields closely approach those obtained in x-irradiated
microcultures sampled at seventy-two hours!!® and are
about 23 per cent lower than the yields obtained in
microcultures sampled at fifty-four hours.

163. Evans!®® 211, 212 hag reported data from five
experiments on whole blood x-irradiated (250 kV HVL
1.2 mm Cu) prior to or during culture, using doses
of up to 460 rads and dose rates of from 17.5 to 230.5
rads per minute. These experiments differ from the
others in that whole blood microcultures were used.
The cells were sampled at fifty-four hours, and no dif-
ferences were observed between cultures exposed at
different dose rates. In these experiments, the dicentric



and ring aberrations did not increase in proportion to
the square of the dose but give a best fit to the equa-
tion y = kD2 The pooled data from all experiments
analysed as a quadratic, i.e., y =k 4 o«D 4 gD?, give
a =342 103 and 8 = 3.5 10-5,

164, Bajerska and Liniecki®®! have recently re-
ported experiments on x-irradiated cultures (180 kV
with 1.05 or 1.8 mm Cu filtration) and have obtained
results somewhat similar to Evans. In these experi-
ments, using a dose range of up to 415 rads given at
dose rates of around 100 rads per minute, the yields of
dicentric aberrations best fit the equation y = kD13,
and the total yields are similar to those reported in the
other published data on x-irradiated cultures (figure 4).
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Figure 4. Dose-effect relationship for dicentric aberrations
(irradiation with 180 and 250 kV x rays after PHA
stimulation)s

* Whole blood x-irradiated in_culture. Cultures grown at 37° C for
fifty to fifty-four hours. Regression line fitted to data obtained from
l‘)}sood cgl)ls irradiated with 180 to 300 kV x rays prior to culture

gure 8).

165. Up until very recently the x-ray in witro data
appeared to be very confusing. Within individual la-
boratories, consistent and repeatable results were ob-
tained, but little uniformity in the form of the rela-
tionship between aberration yield and dose existed
between Jaboratories. Recently acquired experimental
data have markedly improved the picture. however.
particularly if separate consideration is given to data
obtained using different techniques and radiations of
differing quality.

166. Studies by a number of workers have now
clearly demonstrated that 2 MeV x rays are less ef-
ficient than 180 to 300 kVp x rays, the RBE being
(.8%3% 234-236 \vhen comparisons are made between sam-
ples handled in the same way with regard to irradia-
tion technique and culture sampling time. The data of
Sasaki®® on the dose-response relationship of dicen-
trics - rings for radiations of differing qualities are
shown in figure 5. These data were obtained using ir-
radiated whole blood cultured for fifty hours prior to
sampling. and the constants and dose exponents for the
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Figure 5. Dose-response relationship for dicentrics plus rings
for different qualities of radiation®

* Cells irradiated prior to culture and cultured for fiffy hours2%

fitted lines are as follows: 1.9 MeV and 1.5 MeV
x ray, y=2_8.50 10-¢ D%, cobalt-60 gamma rays,
y =255 10-° D%%8: 200 kV x rays (HVL 1| mm Cu),
y = 81.14 10¢ D% 14,1 MeV T(d.n) fast neutrons,
y=1039 10¢ D'**, The D? relationship for the
1.9 MeV x rays confirms the earlier studies®* 240 using
radiation of this quality.

167. Sasaki's data on the cobalt-60 gamma rays
are very similar, both in terms of absolute yield of
dicentrics and of dose kinetics, to recent data obtained
with this radiation, under similar culture conditions,
by Sevankayev and Bochkov®7 (figure 6). Both these
sets of data differ, however, from Visfeldt's®#? results
and from some recent data of Scott et al*3* In these
latter studies, cells were sampled after forty-eight to
fifty-four hours in culture, but the cultures themselves
(stimuiated cells) rather than the freshly drawn whole
blood (unstimulated cells) were irradiated. In this
context, it is of interest to note that all the data on
x- or gamma-irradiated cultures give lower dose ex-
ponents than do the data on irradiated whole blood,
the difference being largely a consequence of higher
vields at low doses in the irradiated cultures (figures
4 and 7).

168. Recent data from five different laboratories on
the vields of dicentric aberrations in cells irradiated in
whole blood prior to culture for up to fifty-four hours,
with x rays of peak kilovoltage ranging from 180 kV
to 300 kV. all give consistent results. These data are
shown in figure 8, and the slope of the fitted line gives
a dose exponent of 1.33. The aberration yields in these
five sets of data are higher than the yields reported by
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Figure 7. Dose-effect relationship for dicentric aberrations
(irradiation with %0Co gamma rays after PHA stimulation)?

* Whole blood irradiated & culture. Cultures grown at 37° C for
{ortye:'ght to fifty hours. Regression line fitted to data obtained from
lood cells irradiated with ®Co gamma rays prior to culture (figure 6).

other authors using longer culture periods; for the
purpose of comparison, some of these latter data are
plotted in figure 9.

169. It would appear, therefore, that, in the case
of irradiated whole blood sampled after fifty-four hours
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Figure 8. Dose-response relationship for dicentric aberrations
(irradiation with 180 to 300 kV x rays before PHA stimu-
lation)®

* Whole blood x-irradiated prior to culture and cultured for fifty to
fifty-four hours.
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2 Cells irradiated with various qualities of x rays prior to culture:
and cultured at 37° C for seventy-two hours.



in culture or less, the interchange aberrations induced
by high-energy x rays are predominantly a consequence
of the interaction between two lesions produced by
independent tracks. However, over the same aberra-
tion yield range (up to about two dicentrics per cell)
a significant fraction of the exchange aberrations in-
duced by conventional x rays (130-300 kVp) are the
result of the interaction between two lesions produced
by a single track. The importance of this one-track
contribution will, of course, decrease with increasing
dose level.

170. Despite the excellent agreement between sets
of data recently obtained quite independently in different
laboratories, the difference in response, particularly at
low doses, between irradiated cultures and irradiated
whole blood requires further investigation.

2

-

Fast neutrons

171. Dose-response data from peripheral blood leuco-
cytes exposed to fast neutrons in viiro have been re-
ported by three groups of workers, namely, in the
United States, the United Kingdom and Japan.

172. Gooch et al®® in the United States irradiated
whole blood with 14.1 MeV DT and 2.5 MeV DD
fast neutrons with doses of up to 200 rads, and the
separated leucocytes were cultured for seventy-two
hours before determining the induced aberration yields.
With the 14.1 MeV neutron dose delivered at 6 rads
per minute, it was found that “chromosome breaks”
(terminal deletions 4 intercalary deletions?) increased
slightly more than with the first power of the dose
and that dicentrics plus rings increased as approxi-
mately the square of the dose (apparently the best
fit to the equation y = kD® for dicentrics <4 rings
gives a value®®® of n = 1.42). The coefficient of aber-
ration production for deletions was 2.0 103 deletions
per cell-rad and for dicentric and rings 12.1 108 aber-
rations per cell-rad squared.

173. It has been argued®®® 21! that the curvilinearity
of these dicentric and ring data with 14.1 MeV neu-
trons might be due to the sampling of predominantly
second and third division cells at low doses and, as
a result of mitotic delay, to sampling of an increasing
proportion of first division cells with increasing dose.
There is no direct information on this possibility, but
previous experiments with this quality of radiation on
chromosome-aberration induction in plant cells have
shown that all the aberration types increase approxi-
mately linearly with increasing dose.?6-2#® However, it
is important to note that, in the more recent studies
of Sasaki®® in Japan, using 14.1 MeV neutrons but
with the cells sampled after fifty hours in culture, a
dose exponent for dicentric aberrations of 1.24 was ob-
tained.

174. Gooch et al®*® compared their 14 MeV f{fast
neutron data with those obtained with 2350 kV x rays
and obtained an RBE f{or these neutrons of approxi-
mately two. Preliminary data with 2.5 MeV DD neu-
trons yielded a linear dose response for all aberration
types and an RBE of approximately four to five for
deletions. It is of interest to note here that these
authors derived an estimated RBE from in vivo ex-
posure of three men to fission spectrum neutrons during
a criticality accident. These estimates were arrived at
after making certain assumptions, and an RBE value
of the order of five was obtained (figure 10).
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175. Scott et al** in the United Kingdom exposed
whole blood to fast neutrons of 0.7 MeV mean energy
using doses of up to 150 rads. The cells were exposed
prior to or following their introduction into whole
blood microcultures. Continuous irradiations were given
over periods of up to twenty-four hours and involved
dose rates of 6.75 rads per hour and 3.41 rads per
hour. and short-term irradiations were given at the
approximately thousandfold higher dose rate of 50 rads
per minute. No differences in efficiency between chronic
and short-term exposures were found, and in both
cases all aberration types increased linearly with in-
creasing neutron dose. Comparisons with 230 kV x-ray
data (doses of up to 500 rad) gave an RBE value for
these 0.7 MeV fission neutrons of around three
(fhgure 10).

176. In two of the five sets of 0.7 MeV neutron-
dose-response data, some indication of a saturation in
aberration yield was indicated at doses of above 100
rads in the chronic low dose-rate experiments. In these
two experiments, the data also indicated a higher yield
(of up to 10-20 per cent) in those cells irradiated while
in the G, phase in culture (PHA-stimulated blood
cells), as opposed to those cells irradiated prior to
culture (i.e., unstimulated blood). The possibility of
differences between the response to irradiation of stimu-
lated and unstimulated cells has already been com-
mented on (paragraph 171).

177. It has been suggested that the saturation effect
results from a preferential loss of damaged cells due
to ‘‘interphase death” under conditions of continuous
irradiation in culture. This possibility again raises the
question of preferential cell loss both prior to and during
culture. It is of interest to note here that, in parallel
to the higher yields of x-ray-induced aberrations ob-
served by Scott et al. relative to those observed by
Gooch et al., similar, but rather more pronounced. in-
creases in yield have been observed with the neutron
data, This difference must, of course, partly be the
consequence of differences in culture times and partly
of differences in radiation quality. The difference is
such that, at equivalent dose levels. the yields of dicen-
trics and rings with the 0.7 MeV neutrons is some
ten times higher than the yields reported with the 14.1
MeV neutrons (figure 10). Further work is most
certainly necessary here.

3. The wariation in response between blood samples
obtained from different individuals

178. Perhaps the only consistency among labora-
tories which has emerged from the i witro studies is
the indication that the variation between the i1 witro
response of blood cells obtained from different adult
donors of both sexes is very small 1?5 181, 143, 229, 250
Five donors have been used by the Oak Ridge group,
and data have been presented in two publications.1?3: 229
In no case did the responses to the same dose level of
cells obtained from different donors differ significantly.

179. In the Harwell studies,®®® seven donors were
used. and all yieided closely similar aberration yields
when exposed to similar doses. Moreover, cells from
one donor were used for much of the x-ray dose-
response work, and celis were, therefore, sampled at
various times throughout a three-year period. Through-
out this period, there was no significant change in the
aberration yield at any given dose.?!
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Figure 10, Dose-response data for in vitro fast neutron irradiation2+®

180. Recent work in the Soviet Union® *** has
indicated that the yield of x-ray-induced chromosome
aberrations in peripheral blood lymphocytes irradiated
in vitro may be slightly higher in cells taken from
infants and from elderly people than in cells taken
from other healthy adults. However, Migeon and
Merz?*® had previously reported no significant differ-
ences between the responses of lymphocytes from in-
fants and aduits, Bochkov et al.** in a study of ffty-
nine individuals, reported that there was an influence
of age on the frequency of spontanecus structural re-

arrangements in these individuals. The possibility of-

an influence of age of donor on radiation response clearly
merits further study.

181. Studies on plant and animal cells (see refer-
ences 17 and 235) have shown that, in a given species,
the presence of an extra chromosome or chromosomes
over and above the normal diploid complement results
in an increased aberration frequency in these cells,
The induced aberration frequency at any given dose
level is, therefore, closely correlated with chromosome
number as well as with chromosome size and chromo-
some morphology.?%3

182, Because of the disparity in size between the
X and Y chromosomes in man,?® it might be expected
that, at a given dose, the frequency of chromosome
aberrations in normal females might be very slightly
greater than the aberration frequency in normal males,
This expected very small difference between sexes has
not yet been demonstrated, but, in line with expecta-
tion. a small increase in aberration yield in 1 witro
x-irradiated leucocvtes from individuals trisomic for
chromosome 21 (Down’s syndrome), as compared with
normal individuals, has been reported by three groups
of workers.1%3, 145, 237

183. The constancy between individuals, and within
individuals over a period of a few years, in the response
of their blood cells to in witro radiation exposure is
heartening. Nevertheless, it must be strongly em-
phasized that the number of donors that have been
compared to date is extremely small. Bearing in mind
the influence of age and of sex on aneuploidy (para-
graph 78), it is clear that more information is required
from a larger number of donors of both sexes encom-
passing a wide age range. Such studies are currently
in progress in a number of lahoratories.

119

C. In wivo STUDIES

184. Quantitative studies on aberrations induced in
zivo are beset with a number of difficulties additional
to those considered in the in wiiro work. These dif-
ficulties will be considered in some detail in this section
as well as in paragraphs 341 to 343. Nevertheless, a
discussion of the in vivo data cannot be initiated with-
out emphasizing that difficulties with regard to physical
dosimetry and to biological sampling are inherent in
all the in wiwo work. For instance, many studies have
involved partial-body irradiation, and a variety of
qualities of radiation has been used. Estimates of ab-
sorbed dose in such cases may not be very meaningful,
and, in fact, difficulties with regard to the non-uni-
formity of absorbed dose exist even in the case of
so-called uniform whole-body irradiation. Sampling
problems are present because of the distribution, life
span and mobility of the small lymphocyte within the
body. These difficulties should, therefore, be borne in
mind throughout the following discussion.

1. Clinical exposure

185. A number of instances have been recorded
where an increased frequency of chromosome-type aber-
rations has been observed in peripheral blood leucocytes
of individuals following the exposure of these indivi-
duals to diagnostic x rays. Although, to date, all the
observations have been made on cultures grown for
seventy-two hours or more (and, hence, some of the
chromosome-type aberrations observed could have been
derived following duplication of chromatid-type aberra-
tions produced in culture—paragraphs 67 and 93),
control data, where they exist. were also obtained from
cultures grown for a similar period. The increases,
therefore, must be a real consequence of radiation ex-
postre.

186. The first observation of a possible effect of
diagnostic x rays in inducing aberrations was made
by Stewart and Sanderson®*® who reported the presence
of two cells containing a dicentric out of a total of
thirty-one cells scored in a patient with Klinefelter’s
syndrome. This patient was subjected to a skeletal
survey involving a skin dose of less than 2 rads from
60 kV x rays, and blood samples were taken eight
hours after exposure. Unpublished evidence?® *%° on



the yield of spontaneous aberrations in Klinefelter pa-
tients who have not been exposed to diagnostic x rays
shortly prior to study has indicated that the sponta-
neous yield in these individuals is no higher than in
normal individuals (table I).

187. Observations similar to those of Stewart were
made by Conen et al.*%: 202 who found two dicentric
aberrations in 121 blood cells of an infant examined
one week after exposure to a series of diagnostic x rays
giving a total dose of 0.8 rad. Bloom and Tjio®*® did
not detect any dicentric aberrations in blood cells from
six patients given diagnostic chest x rays involving
exposures of from 20 to 80 millircentgens, but four
dicentric aberrations were observed in 300 cells of five
patients subjected to gastro-intestinal examination using
fluoroscopy. The exposures of these five patients ranged
from 12 to 35 roentgens. and blood samples were in
all cases taken thirty minutes after irradiation.

188. Further indications of what appears to be a
significant elevation in aberration yield are seen in the
data of Court Brown®™ on ankylosing spondylitis pa-
tients subjected to diagnostic x rays (columns b and ¢
in table 1). Moreover. Sasaki ¢t al.**® have reported
that, in a scan of over 7,000 cells taken from a total
of eleven individuals. dicentrics were only found in one
man who had received a number of lumbar spinal x-ray
examinations some five years previously.

189. These observations suggest that very low-dose
partial-body x irradiation at low (diagnostic) kilo-
voltage is capable of inducing a detectable frequency
of chromosome-type aberration. The fact that we can
detect the effects of such small doses of x rays is a
consequence, first, of the relatively high sensitivity of
human peripheral blood leucocytes to the induction
of chromosome damage by radiation, and. second, of
the extremely low frequency with which chromosome-
type aberrations are found in individuals not exposed
to ionizing radiations.

190. More recently. information has become avail-
able from patients treated with Thorotrast, a stabilized
colloidal suspension of the dioxide of thorium-232.
Thorotrast is taken up by the reticulo-endothelial cells
and deposited in liver and spleen, and., to a lesser
extent, in bone marrow and lymph nodes. Only minute
quantities are excreted so that these tissues are sub-
jected to continuous irradiation, much of which is due
to densely ionizing alpha particles.

191. Ishihara and Kumatori!® 2¢¢ reported that a
significant yield of aberrations was to be found in blood
leucocytes of persons given Thorotrast injections some
twenty-five years prior to observation., The residual
body burdens of these persons were estimated by whole-
body counting, but no definite correlation was found
between body burden and aberration yield.*" Similarly,
Buckton ef al.*** in a cytogenetic study of thirty-six
patients who received intra-arterial injections of Thoro-
trast some eleven to thirty-one years prior to study.
reported a marked increase in aberration yiclds in the
leucocytes of these patients as compared with those of
control individuals. The cells in this latter study were
cultured from forty-eight to fifty-two hours, and 9.2
per cent of the cells were found to contain unstable
(asymmetrical) aberrations and 5.7 per cent stable
(symmetrical) aberrations. It is of interest to note
that, in this work, a very high frequency of tricentric
aberrations was found (3.8 per 100 cells) and that
many cells contained more than one aberration. This
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high aberration frequency in damaged cells is typical
of damage induced by high LET radiation, such as
the alpha particles of thorium.

192. The high aberration yields obtained by Buck-
ton et al*® in their Thorotrast patients are con-
siderably greater than the yields obtained by these
authors!® in patients receiving a whole-body dose of
30 rads of x rays or a partial-body dose of 300 rads.
However, in the Thorotrast work, although the volume
of Thorotrast administered and the time interval between
treatment and observation were known, no relationship
between these parameters and aberration yield could
be demonstrated.

193. Fischer et al.l™ 2% examined blood cells from
twenty individuals who had received Thorotrast from
nineteen to twenty-seven years prior to sampling, and
in these patients estimates of residual body burden
were made through whole-body counting. Nineteen of
these cases showed a significant increase in aberration
frequencies above the background level: the only one
that did not show such an increase had undergone a
retrograde pyelography and had. thus, retained little
radio-activity as was confirmed by the extremely low
burden registered by the whole-body counter.

194, In this work, it was shown that, with an in-
creasing amount of Thorotrast (estimated from whole-
body gamma-ray counting), there was an increasing
amount of chromosome damage and a significant linear
correlation Dbetween these parameters when the data
were weighted by the time interval elapsing between
administration and observation. However, we should
note that there are several difficulties in assessing these
dose-response relationships, since considerable variation
exists in the distribution of Thorotrast within the
reticulo-endothelial system,®** and estimates of dose
from thorium and its decay products, based on gamma-
ray measurements, require that allowance be made for
the self-absorption of alpha rays; this is of particular
importance if the thorium is not uniformly distributed.
Because of these difficulties in physical dosimetry and
since, in the work of Fischer et al.,'™ the leucocytes
were cultured for seventy-two hours, it is difficult to
arrive at any meaningful coefficients for aberration pro-
duction.

195. Since the original paper of Tough et al.!®> who
reported gross chromosome damage in cells from blood
cultures of two patients after x-ray therapy for anky-
losing spondylitis, a number of publications dealing
with aberrations induced in patients following radio-
therapy have appeared. Most of this work has been
concerned with aspects of aberration induction (such
as the question of the longevity of the small lympho-
cyte — paragraphs 252-263) other than the quantitative
correlation between induced chromosome damage and
absorbed dose, However, a limited amount of data on
dose response in wivo has been obtained. and more
should be available in the near future.

196. Norman et al.** obtained a limited amount of
data on two patients receiving doses of 300 rads from
250 k\" x rays, using blood samples that were collected
immediately after irradiation. No details of the method
of exposure were given. and the geometric mean of
the aberration yields from the two rather different
samples was nearly equal to the yield obtained from
normal blood irradiated in @itro and receiving a dose
of 300 rads. In these cases, all the cultures were grown
for seventy-two hours.
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197. A more recent paper®* reports aberration yield
data from six patients treated with (partial-body?)
radio-therapy for malignant disease. Cultures were
grown for fifty hours and seventy-two hours, but no
estimate of dose is given. In considering such partial-
body exposures, the question, of course, arises as to
what significance can be attached to a partial-body
dose if such a dose is reported.

198. The aberration yield observed in peripheral
blood leucocytes sampled after a partial-body irradia-
tion will depend upon a number of variables including
the following: the physical characteristics of the radia-
tion: the region of the body and the volume of tissue
exposed; the absorbed dose in this volume and the
duration of the radiation exposure: the proportion of
the total body lymphocytes that were resident in this
volume during irradiation; the proportion of blood
lymphocytes that traversed this region during irradia-
tion: the amount of exchange of lymphocytes between
the lymphatic tissues and peripheral blood and the time
of sampling after irradiation.

199. The question of dosimetry in cases of partial-
body exposure is, therefore, complex and will be con-
sidered In some detail later (paragraphs 264-273).
However, it is pertinent to note here the recent studies
by Winkelstein et a/.** on chromosome aberrations in
leucocytes of three patients whose blood was exposed
to extracorporeal irradiation (ECI) prior to renal
transplantation.

200. In this work. blood was passed through a
teflon loop outside the body, using a standard Quinton-
Scribner shunt, and was subjected to ECI by exposure
to beta-emiting *°Sr-?*Y sources. Exposure times of up
to four to eight hours were used, and the frequency
of dicentric aberrations in leucocytes cultured with
PHA immediately after the termination of the ECI
period was determined. In addition, the frequency of
dicentric aberrations in in vitro studies on biood put
through the radiation applicator in a single passage
was also determined.

201. In these ECI studies, physical dose estimates
to the blood cells were made on the basis of patient
blood volume, flow rate through the applicator and
duration of irradiation exposure. Although no detailed
data on aberration yields were given, the relationship
between calculated physical doses (integrated over the
whole blood volume) and the doses estimated on
the basis of dicentric aberration yields in sampled blood
leucocytes were compared. The dose was estimated
from the aberration yield through the use of the pro-
portionality constant (paragraph 160) of dicentric yield
being equal to 3.7 % 0.5 10 per cell-rad squared as
determined from previous in zitro studies®* *4° of this
group. A very close correspondence between physically
and biological estimated dose was found (table II),
provided that samples were taken after no more than
a four- to eight-hour ECI exposure so that blood
leucocytes were not replaced by populations of leuco-
cytes from the unirradiated lymphoid tissues,

202. In an ECI study carried out by Sharpe et al.*#
on a patient with reticulum cell sarcoma. it was found
that the relationship between estimates of dose based
on blood flow rate and on total blood volume of a
patient and of those based on the vield of dicentric
aberrations differed by a factor of 2.7. The data ob-
tained indicated that, in a treatment lasting three and
a half hours, several cells made many transits through
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the irradiator and that there was a fairly rapid exchange
between leucocytes of peripheral blood and those in
much larger pools in extravascular sites.

203. Sharpe et al.®® have recently reported on some
further ECI studies made on a patient with Hodgkins
disease. This work has confirmed and very much ex-
tended their earlier findings, and the results are some-
what at variance with the conclusions of Winkelstein
et al®*" In this recent study.®®® it was found, as pre-
viously shown by others?®" that the yield of dicentric
aberrations (0.83 per cell), in a sample of the patient’s
blood taken prior to ECI treatment and receiving an
in vitro dose of 300 rads from 2 MeV x rays, was
closely similar to the dicentric yield (0.87 per cell)
obtained from blood allowed to proceed through one
transit of the radiation coil (320 rad from a caesium-
137 source) over an exposure period of four seconds.
However, in blood samples taken from the patient
after one and a half, three and twenty-four hours, con-
tinuous ECI-treatment. dicentric yields of less than
0.09 per cell were obtained.

204. Trom these data and from studies on the
distribution of aberrations between cells, Sharpe ef
al.2® concluded that there is a rapid exchange between
lymphocytes in blood and lymphocytes in the extra-
vascular pool. It was estimated that the peripheral
blood contained 3 grammes of lymphocytes, whereas the
extravascular pool contained between 800 and 1,070
grammss. Two independent estimates of the mean
residence time of lymphocytes in blood gave values of
4.7 and 7.5 minutes.

205. The results of the ECI studies by these two
groups of workers, although somewhat conflicting. are
most interesting, and further work in this field will be
particularly rewarding both from the point of view
of yielding information on the population structure
and movements of the leucocytes and in providing
information applicable to the possible use of chromo-
some aberrations in dosimetry.

206. Following up on its original studies!® on aberra-
tions induced by x irradiation of spondylitis patients,
the Edinburgh group has recently reported!® data on
the relationship between aberration yield and radiation
dose in these patients and in patients suffering from
neoplastic disease. With the spondylitis patients, single
partial-body doses of 100 to 700 rads (250 kV x rays.
HVL =27 mm of Cu) were given and the cells cul-
tured for forty-two to fifty hours. At all doses, blood
samples were taken twenty-four hours after exposure.
but, in some instances, samples were also taken at
earlier and later times. The data indicate a slightly
lower aberration yield in cells cultured immediately
after exposure than in cells sampled for culture twenty-
four hours later. A summary of the data obtained is
given in table ITI.

207. Although we cannot define the absorbed doses
in these cases for whom data are given in table III,
there is evidently a clear relationship between skin
dose and aberration yield. The data are somewhat
variable, and for dicentric and ring aberrations the
aberrations appear to increase in proportion to the
1.5 to 2.4 power of dose, at least for doses up to
300 rads. If the daia from one patient given a partial-
body dose of 700 rads is included in the kinetic analysis,
then this high dose yield reduces the dose-squared
component considerably. Extrapolation from the data
shown in table IIT shows that these yields are higher



than those obtained by Millard!®® from patients exposed
to partial-body (lower abdomen) radiation following
orchidectomy. In Millard's data (2 MeV Van der Graff
x rays), 20 per cent of the cells showed aberrations
after doses between 925 and 1.550 rads and 32 per cent
after doses between 3,100 and 4,330 rads. These latter
data. however, were obtained from peripheral blood
cells that were allowed to grow for seventy-two hours,
and, moreover, the radiation treatment was spread over
a period of thirty-six to seventy-four days.

208. Similar observations to those of Millard have
been made by Dubrova®® on two myeloma patients
receiving radiation therapy. In this work, patients were
treated with an accumulated partial-body exposure of
9,000 roentgens. and up to 42 per cent of the leuco-
cytes cultured for forty-eight hours were found to con-
tain chromosome aberrations, High aberration yields
were also observed in blood cells of a similar patient
sampled thirty-two months after the completion of a
similar course of treatment.

209. Spondylitis patients were also given ten partial-
body x-ray dose fractions over a period of twelve to
fourteen days;'® blood samples were collected imme-
diately after each treatment. Again, there was a clear
relationship between radiation dose and aberration
yield, the data giving a very good fit to a linear rela-
tionship (figure 11). In these data, each {fraction
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Figure 11. Yield of fragments and dicentrics plus rings in
ankylosing spondylitis paticnts exposed to doses of up to

1,500 rads (250 kV x rays) given as a series of fractions
of 150 radsté

of 150 rads (partial-body dose) gave an average yield
of 3.6 dicentrics and rings per 100 cells analysed.

210. Buckton et al2% also reported preliminary data,
summarized in table IV, on aberration yield in seven
men suffering from bronchial carcinoma who received
low doses (25 or 30 rad) from whole-body x irradia-
tion (2 MeV Van der Graff). In contrast to the daia
obtained from patients exposed to partial-body irra-
diation (table IIT), no differences in aberration yields
were found between bloods sampled immediately after
exposure and twenty-four hours later (however, see
paragraph 211). Moreover, the dose response for dicen-
trics and rings after whole-body irradiation was linear
(n in the equation y =c 4 aD" being equal to 0.92
with 90 per cent confidence limits of 0.5 to 1.4). From
the data presenied, it would seem that the aberration
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yield obtained foliowing a whole-body dose of 50 rads
to the cancer patients was equivalent to the yield
obtained with a partial-body dose of 250 rads to the
ankylosing spondylitis patients.

211. The Edinburgh group has recently extended its
studies on whole-body irradiation of patients with
bronchial carcinoma and has now reported®’! data
obtained from a further nine patients exposed within
the dose range 17 to 50 rads. The dicentric and ring
aberration frequencies in fifty-three-hour cultures of
blood cells sampled immediately after irradiation and
twenty-four hours later are summarized in table V for
each of the sixteen patients.

212. In these data, there is a significani increase in
aberration yield in bloods sampled twenty-four hours
post-treatment as opposed to bloods sampled imme-
diately after exposure in patients receiving doses of
50 rads. This observation is entirely in line with the
earlier observations made by this group of workers on
ankylosing spondylitis patients exposed to partial-body
irradiation (paragraphs 206 and 210).

213. Analysis of the data obtained from these whole-
body exposures revealed that the yield of dicentric and
ring aberrations in blood sampled immediately after
irradiation increased as the 1.13 power of dose
(n=1.13 with 95 per cent confidence limits of 0.52
to 1.74), whereas, in blood sampled twenty-four hours
later. the yield increased as the 1.88 power of dose
(n = 1.88 with 95 per cent confidence limit of 1.24 to
2.5(&))1.3These two sets of data are shown in figures 12
and 13.

0.10 4
0.09 4

0.08
0.07 1
0.06 4

0.05 4

0.04

0.03 1

0.02 1

DICENTRICS ++ RINGS PER CELL -~ 0,00375 (CONTROL LLEVEL)

sl

.l

30 G0 70 80 80
DOSE (RAD)

judl] 59
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¢ Date from blood samples taken immediately after radiation expo-
sure. Points are from data given in table V, 2nd cusved lines represent
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214, It is of interest to compare the 25-rad and 30-
rad whole-body irradiation data with data obtained
using similar doses (but with various quaiities of
radiation) by other authors in in wifro studies. These
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* Data_from blood samples taken twenty-four hours after radiation
exposure. Points are from data given in table V, and curved lines
represent the 95 per ceat confidence limits of the regression line,

comparisons are set out in table VI where it may be
seen that scores obtained in the i wivo work fall in
between the lowest and highest yields reported for the
same absorbed doses in the in witro studies. It is dis-
appointing to note that, in the only i witro work
where a radiation quality similar to that used in the
in vivo studies was used and where the cells were
cultured for fifty hours, the aberration yield at a dose
of 50 rads was four times lower than that found in
the i wivo studies, However, the observations were
made in different laboratories where techniques were
not entirely comparable.

215, In addition to the data on therapeutic ex-
posure to external radiation sources, there is some
information on aberration yields in patients to whom
radio-active materials had been administered internally
for therapeutic purposes, Boyd et al.*% initially reported
that types of chromosome damage similar to those re-
ported by Tough et al.'® were to be found in blood
cells of patients treated with radio-active iodine. It was
suggested that, in quantitative terms, the effects of 100
millicuries of radio-iodine were similar to the effects
of a partial-body dose of 230 rads of x rays and that
a 10-millicurie dose of radio-iodine was probably suffi-
cient to produce recognizable chromosome damage.
Similar findings with radio-active iodine were also re-
ported by other authors, 7 273275 and in one report,*™*
a significant yield of aberrations was observed fourteen
years after completion of treatment,

2

Occupational exposure

216. A number of workers have reported the presence
of chromosome-type aberrations in individuals receiving
chronic low doses from external sources.!": 182, 136, 165,
188, 239, 263, 265, 268, 276-280 Norman and hiS coneagues?GS
observed seven dicentrics in 5,138 cells from ten hospital

radiation workers who had received dose equivalents of
up to 88 rems accumulated at an average rate of from
1to 3 rems pe- year, whereas in ten control individuals
no dicentrics were observed in 4,219 cells. Later
studies’® were carried out on thirty-six radiation
workers who had received cumulative doses of from
10 to 98 rads with a median annual dose rate of 1.45
rads per year. In this later work, fourteen dicentrics
were observed in 14,839 cells, whereas in twenty-three
control individuals no dicentrics were observed in 5784
cells. Obzervations similar to these have recently been
made by Lisco and Lisco® and by Gorizontova.2’8

217. Studies somewhat similar to those of Norman
and his colleagues have been reported by Court Brown
et al.”"® and Buckton et al.'®* These authors studied sixty-
seven adult males working in atomic energy establishments
and divided their sample into five groups: (a) a control
group that had received a cumulative dose of less than
1 rad; (b) a group with an average accumulated dose
of 3.8 rads, with a range from 1 to 10 rads; (¢) a
group with an average accumulated dose of 27 rads,
with a range from 23 to 34 rads; (d) a group with
an average accumulated dose of 24 rads, with a range
from 15 to 37 rads: (¢) a group with an average
accumulated dose of 84 rads, with a range from 75
to 98 rads. The irradiated groups differed not only in
the doses received but also with respect to the time
over which the exposures occurred. The control group
did not differ cytologically from a control population
drawn from outside atomic energy establishments, but
all the irradiated groups showed a highly significant
increase in aberration yield. Although yields of dicen-
tric and ring aberrations of as high as eight per 1,000
cells were observed, no correlation between dose and
yield could be discerned.

218. Visfeldt'®™ studied aberration yields in peri-
pheral blood cells of ten members of the staff of the
Copenhagen Radium Institute who had received
cumulative doses ranging from 1 to 116 rads over a
period of ten years. Again, a clear increase in aberra-
tion yield was observed in irradiated (thirteen dicen-
trics plus rings in 950 cells) personnel as opposed to
control (zero dicentrics plus rings in 300 cells) per-
sonnel, but the data are once more too meagre to
show any correlation with the dose received.

219. El-Alfi et al>™ analysed blood cells from
twelve radiation workers. exposed over periods as long
as four years, who received cumulative dose equivalents
of up to 1,110 millirems of x, gamma or beta rays or up
to 9,722 millirems of neutrons. No details on the quality
of the radiation nor on the kinds of exposures were
given, but significant increases in aberration yields were
observed in the six individuals exposed to neutrons
when compared with nine control individuals.

220. Data somewhat similar to those of Visfeldt's
have recently been reported by Wald et al.'®® These
authors studied aberration yields in six nuclear industry
workers who had received external body dose equi-
valents ranging from 25 to 55 rems at an average
accumulation rate of 4.3 rems per year. A significant
increase in the frequency of stable and unstable aberra-
tions in irradiated as opposed to control personnel was
noted, but no relationship with the various dose levels
could be discerned, and no detailed cytogenetic data are
given.

221. A number of studies have been carried out on
persons who have worked in the luminizing industry




and who have, as a consequence, high body contents
of radium-226. These studies also have shown a signifi-
cant increase in aberration yields in exposed versus
unexposed individuals, even in individuals having body
burdens well below the maximum permissible level. 267, 28
With these internal emitters, there is some evidence
of a consistent gradient of increasing aberration yield
with increasing radium body burden.?®? In the data
of Bovd et ¢l.*® on individuals who accumulated body
burdens between 0.10 and 0.56 microcuries of radium-
226 eighteen years prior to study, some 3.2 per cent
of the cells were classed as “unstable” and found to
contain asymmetrical aberrations. In this work, the
total occupational dose equivalent from external gamma
rays averaged about 90 rems. There was no associa-
tion between these low-level external exposures and
aberration yield.

222, These data on occupationally exposed indi-
viduals all show significant increases in aberration yield
in persons exposed to very low dose levels. This is, of
course, in line with the earlier observations on the
effects of low doses of diagnostic radiation. Moreover,
it should be emphasized that, in those cases where
accurate physical dosimetry has been carried out, it is
possible to state that significant aberration yields have
been observed in individuals receiving doses below the
permissible levels.

3. Accidental exposure

223. Bender and Gooch'®® 129 studied aberration
yields in peripheral blood cells of eight men exposed
accidentally to mixed gamma and fast neutron radia-
tion. The doses were estimated to range from 23 rads
to 365 rads. with the neutrons comprising some 26
per cent of the total dose. No chromosome-type aberra-
tions were found in five control individuals (total of
458 cells), but dicentrics and rings were present in all
five individuals exposed to doses calculated to be over
200 rads. Blood samples were first collected twenty-
nine months after the original exposure and then a
year and a half later. Aberrations were present in all
individuals except the person exposed at the lowest
dose level. In one individual who received an estimated
339 rads, the frequency of dicentric and ring aberra-
tions was 0.166 per cell (table VII). Al the cultures
in these cases were grown for seventy-two hours. Goh?8
followed up these observations and examined cells from
blood samples, cultured for seventy-two hours. taken
from six of these men seven years after the original
accident. Cells from bone marrow were also sampled.
Aberrations were observed both in cells from the mar-
row and in cells from peripheral blood, but dicentric
aberrations were absent in marrow cells. Although the
over-all frequencies of aberrations in peripheral blood
cells had declined with time after exposure, significant
yields of dicentric and ring aberrations were observed
on each of the three occasions when samples were
taken. The published data on dicentric and ring aberra-
tions in these studies are summarized in table VII.

224. In a later criticality accident.’®% 2?9 three men
received estimated doses of 12, 22.5 and 47 rads of
mixed radiation (gamma and fission neutrons), the
neutrons contributing, in the different individuals.
23-50 per cent of the total dose. In these cases, blood
was sampled from four hours up to two vears after
exposure, and the cultures were grown for seventy-
two hours. Dicentric aberrations were observed in all

three individuals, their frequency showing a clear in-
crease with increasing dose. A reasonable correlation
between estimated physical dose and aberration yield
was observed with some 3 per cent of the cells being
affected at the highest dose level. Using these data,
previous i witro information and certain assumptions,
it was suggested that the RBE for fission-spectrum
neutrons versus gamma rays was of the order of five
to one.

225. Biola and Le Go®®* have described studies on
blood samples taken from an individual four days after
a highly non-uniform exposure to mixed gamma and
neutron radiation in an incident at Mol, Belgium.
Physical estimates of dose suggested that the individual
had received a mid-line exposure of around 500 rads.
In parallel with the studies on the blood sample from
the irradiated individual, studies were also made on
blood cells taken from a normal individual and then
exposed to cobalt-60 gamma rays with doses of 400
and 600 rads. For comparison with the data of Gooch
and Bender2?® all cultures were harvested at seventy-
two hours or ninety-six hours, although it was evident
that at seventy-two hours at least 10 per cent of the
cells were in their second mitosis in culture, The aber-
ration yields observed, therefore, were clearly an
under-estimate of the true vield, but, since cultures of
the blood of the irradiated individual and of the cells
irradiated » viiro were handled in exactly the same
way, valid comparisons could be made. The actual
yields observed 1n vitro were similar to those obtained
by Gooch and Bender?®® at the lower dose levels and to
those obtained by Kelly and Brown!?? at the higher
doses. The in witro yield at a dose of 450 rads was
equivalent to the yield obtained in the cultures from
the irradiated individual so that a good correlation
existed between physically estimated and biologically
estimated dose.

226. More recently, Buckton et al.13% analysed celis
from two men who accidentally received whole-body
doses of 17 and 18 rads, the men having additionally
accumulated 10 and 9 rads, respectively, as an occupa-
tional exposure over several years of routine employ-
ment. Dicentric and ring aberrations were present in
the blood cells of both men at levels up to a maximum
of 3 per cent. depending on whether blood was taken
at forty-eight hours or at one or three months following
exposure. One of the two controls who had received
occupational exposures of approximately 2 to 3 roent-
gens had a dicentric and ring frequency of approxi-
mately 1 per cent on two out of the three occasions
on which his blood was sampled. The data here are too
scanty to draw any conclusions on dose relationship.

227. Sugahara et al.*®® have reported data obtained
from two men exposed to external irradiation from
250 kV x rays and cobalt-60 gamma rays, with esti-
mated exposures of, respectively, 66 and 40 roentgens.
and studied ten and twelve months after exposure.
In addition, data were obtained from a further three
men who inhaled urany! fluoride and from whom blood
cells were taken forty days after the accident. The
amounts of uranyl fluoride (estimated irom urine ex-
cretion) taken up ranged from 2.2 milligrammes to
3.9 milligrammes, representing an inhalation of between
2.6 and 4.6 10-3 microcuries.

228. In blood cells obtained from all five men in
this study,”®® significant increases in aberration vields,
as compared with those in cells obtained from control
individuals, were noted, and dicentric and ring aberra-




tions were present in cultures from all but one of the
individuals, The authors point out that the frequency
of aberrations in the x- and gamma-irradiated in-
dividuals were in the range expected from earlier
observatiens of other workers!?s 13! but that almost
equivalent yields were obtained in two of the three
men who had inhaled uranium (3.2 per cent enriched
uranium). The cumulative, external, occupational dose
equivalents of these men were small, ranging from 128
to 936 millirems. The observations made on these
three men were comparable with those reported by
Boyd et al.”®® on luminous dial painters (paragraph
219).

229. Wald et al’3® have carried out cytogenetic
studies on a group of seven workers who accidentally
inhaled iodine-125 and whose body burdens were
measured by direct counting methods. Body burdens
ranging from 1.2 to 111 microcuries were determined.
These workers had also been exposed to external
sources and had accumulated dose equivalents ranging
from 1 to 18.8 rems at an average rate of 1.4 rems
per year. No details of the qualities of the external
radiations were given. The data clearly show a signifi-
cant increase in the frequency of cells carrying un-
stable aberrations over controls, but no breakdown of
the aberration data is given.

230. Observations similar to those reported above
have been made by Lejeune and his colleagues®®® on
four individuals, one of whom received an estimated
maximum dose of 33 rads of neutron and gamma rays
(following an accidental exposure to a proton beam),
and the others were exposed to unknown quantities of
gamma rays, although in one individual the estimated
dose was between 35 and 50 rads. Significantly in-
creased aberration yields relative to controls were
observed in samples taken at various intervals up to
one year after irradiation. The aberrations included
dicentrics and rings as well as a number of symmetrical
changes, and the celis were cultured for seventy-two
hours prior to preparation. In the individuals in whom
physical estimates of dose were available, it was shown
that the aberration yields observed were reasonably
consistent with those predicted on the basis of the aber-
ration-yield coefficient quoted by Bender and Gooch???
(paragraph 156). The authors were careful to point
out, however, that the data were insufficient to draw
any firm conclusions on the relation between aberra-
tion yield and dose in these individuals.

231. Lisco and Lisco®®” have recently examined
peripheral blood leucocytes (forty-eight-hour and sev-
enty-two-hour cultures) of two radiation workers who
exposed their right hands to mixed gamma-beta radia-
tion from an iridium-192 source. The exposure was for
a ten-minute period. and the physically estimated dose
to the hands was 3,000 rads, 10 per cent of which was
from gamma radiation. Eleven days after exposure,
the yield of dicentric and ring aberrations in cells of
both individuals was around 0.05 per cell (equivalent
to that observed with a 30-rad whole-body dose from
x rays), and high aberration yiclds were noted in each
of the follow-up studies carried out at intervals up to
three years after the accident. No aberrations were
observed in bone-marrow cells.

232. The rather sparse data obtained from, fortu-
nately rare, accidents underline the earlier statement
that one of the complications in accidental exposure is
the difficulty of obtaining good physical estimates of
dose, particularly in those cases of mixed radiation
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exposure. In general, the cytological data that have
been obtained are not inconsistent, but they are still
too scanty to draw any firm conclusions on the useful-
ness of aberration yield for biological dosimetry in
these particular cases,

4. Nuclear explosion

233. A number of studies!33-135, 188,175, 182, 221 haye
been made on survivors at Hiroshima and Nagasaki
who were exposed to radiation from nuclear explosion
in 1945, The data of Ishihara and Kumatori 3% 175
obtained from blood cells of persons who were between
500 and 2,000 metres from the hypocentre and who
were studied nineteen years later, show a significant
increase over control individuals in the yield of asym-
metrical and symmetrical aberrations,

234. Bloom et gl133. 184,288,289 carried out surveys
on survivors in different age groups. In the first
study’®® on ninety-four exposed individuals and ninety-
four matched controls, all the individuals sampled were
under the age of thirty years at the time of the bomb-
ings in 1945. Chromosome aberrations were found in
0.6 per cent of the peripheral blood leucocyte cells in
the exposed individuals, whereas only 0.01 per cent
of the cells contained aberrations in control individuals.
In the control individuals, no dicentric aberrations were
observed in the 8,847 cells scored, but nine such aber-
rations were found in 8,283 cells from the irradiated
population sampled twenty years after exposure.

235. In the second survey by Bloom et all3* ob-
servations were made on seventy-seven heavily exposed
(estimated dose greater than 200 rad of mixed gamma-
neutron radiation) survivors and eighty control in-
dividuals, all of whom were over the age of thirty
years at the time of the bombings. Sixty-one per cent
of the heavily exposed survivors and 16 per cent of
the controls were found to contain aberrations at a
frequency of 1.5 per cent in cells of exposed individuals
as opposed to 0.3 per cent in cells of control individuals.
One dicentric aberration was detected in the 7,188 cells
scored from controls, and this was observed in a cell
from an eighty-year-old male. In the irradiated in-
dividuals, eight dicentrics were found in the 6,778 cells
studied.

236. The relative frequencies of the asymmetrical
dicentric, ring and fragment aberrations in the survivors
of the two different age groups were very similar.
However, the symmetrical translocations and inver-
sions were found to be more frequent in the older
exposed survivors than in the younger ones. In parallel
with this latter observation, it was noted that sym-
metrical aberrations were also more frequent in the
older of the two control groups. These observations
once more raised the question of whether the sensi-
tivity to aberration induction by radiation might be
related to age, a problem that requires urgent attention.

237. The most frequent aberrations observed by -
Bloom et al.'3* in the exposed older survivors were
translocations which were present in seventy-two of
the 6.778 cells scored. It was noted, however. that
twenty of these cells containing a translocation were
detected in four individuals, and these represented five
different types of translocation or five possible cell
clones.

238. Estimates of the dose sustained by the exposed
older survivors ranged from 204 to 991 rads of mixed
gamma and neutron radiation. A preliminary attempt



to correlate aberraiion frequency with physically esti-
mated dose suggested that the aberrations increased
approximately linearly over the dose range studied,
the over-all aberration frequency being about 1 per cent
at 200 rads and increasing by approximately 0.5 per
cent per 100-rad increment. It should be noted. how-
ever, that, in this work, the leucocytes were cultured
for a period ranging from 66 to 70 hours, and. of
course, samples were studied twenty years after an
original radiation exposure,

239. Workers at the Atomic Bomb Casualty Com-
mission *%® have analysed the karyotypes of 128 in-
dividuals who were born after at least one of their
parents had received a minimum exposure of 100
rads as a result of the atomic bombings at Hiroshima
and Nagasaki, Control studies were carried out on
fifty-seven sibs of these individuals who were born
before the time of the bombings. Particular attention
was devoted to the 103 individuals who were born in
the first five years after parental exposure, but no
significant increase in chromosomally abnormal indi-
viduals could be detected. However, a detailed study
of thirty-eight in wutero exposed survivors2$® whose
mothers had been exposed to more than 100 rads
(estimated range 104-477 rad) at the time of the
bombings. revealed a small but significant increase in
the frequency of lymphocytes with complex chromo-
somal rearrangements (0.52 per cent) as compared
with matched control individuals (0.04 per cent).

240. Sasaki and Miyata®! re-opened the question
of the relationship between aberration yield and esti-
mated physical dose in the atomic bomb survivors
and presented a considerable amount of detailed data
obtained from the scoring of over 80.000 cells from
exposed and control individuals. Chromosome analysis
was carried out on fifty-one Hiroshima survivors and
eleven controls twenty-two years after the original
exposure. Care was taken to score only cells dividing
for the first time in culture. and the cultures were
terminated after fifty hours. The aberrations were
classified as outlined in paragraphs 24 to 34, and it
was found that the mean number of dicentrics and
rings in the exposed individuals (201 in 73,996 cells)
was 0.0024 per cell as compared with 0.0002 per celi
(2 in 9.510 cells) in the controls. It was also shown
that the frequency of cells carrying stable symmetrical
rearrangements (largely reciprocal translocations) was
0.40 per cent in exposed individuals as compared with
0.07 per cent in controls.

241. A significant yield of aberrations was observed
among nineteen survivors who were more than 2.4
kilometres from the hypocentre and who. as was
estimated on the basis of physical considerations, had
received a dose of the order of 1 rad. Eleven of these
individuals entered the bombed area within three days
after the bombing, and the frequency of dicentrics and
rings in these individuals was 0.0013 per cell as com-
pared with a frequency of 0.0006 per cell in the eight
individuals who did not enter the bombed zone.

242, The exposed individuals were divided into four
groups based on distance from the hypocenire at the
time of the bombing and on whether thev were directly
exposed or shielded by wood or by concrete. Propor-
tionally more cells with aberrations appeared in sur-
vivors exposed at the shortest distance from the hypo-
centre, and, at a given distance, the aberration yield
was highest in those directly exposed, intermediate

in those shielded bv wood and lowest in those shielded
by concrete.
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243. Since the observations were made twenty-two
years after the original exposure, Sasaki and Miyata?™
used two different methods in an attempt to obtain
dose estimates. Studies by other workers33 #4290 haye
shown that the proportion of peripheral blood lympho-
cytes carrying stable chromosome rearrangements (C,
cells) observed many years after an irradiation exposure
remains unchanged from the proportion observed
shortly after exposure. The ratio of Cs cells to normal
cells could, therefore, be used as an end-point in these
Hiroshima survivors. and the relationship between this
end-point and disiance from the hypocentre is shown
in figure 14,
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Figure 14. Frequency of C: cells as a portion of all (except Csi)
cells plotted against distance {rom hypocentre2?1

244, Asymmetrical aberrations would, of course.
have been largely eliminated over the twenty-two years
since exposure so that the total frequencies of dicentric
and ring aberrations in individuals at different distances
from the hypocentre would not offer a good method
of relating aberration yield to absorbed dose. How-
ever, the distribution of chromosome aberrations within
X1C,y cells which had not divided since exposure should
be the same as that existing immediately after exposure,
In figure 15 are shown the number of dicentric and
ring aberrations in C, cells in relation to distance from
the hypocentre,

245. Using the proportion of C, cells to normal
cells and the number of dicentric-plus-ring aberrations
in C, cells, Sasaki and Miyata®®' obtained absorbed-
dose estimates simply by relating the values given in
figures 14 and 15 to equivalent yields obtained with
measured doses of 2 MeV x rays in n vitro studies.
Figure 16 shows the dose estimates obtained in this
way (without attempting to make corrections for
shielding or for quality of radiation, etc.) plotted
against distance from the hypocentre. The dashed line
in this figure shows a recent®! indirect physical estimate
of air dose for comparison with the dose arrived at
by using the biological methods.

246. The estimates based on chromosome aberration
vields compared with the physical estimates (figure 16)
are low in the survivors exposed close to the hypo-
centre and high in the remotely exposed people. The
authors®?! suggest that these differences may reflect a
selective mortality over the twenty-two-year period in
the population exposed near the hypocentre and that
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a Vertical lines through points represent 50 per cent confidence limits, and dashed line(,: T66D, gives estimate

of air dose derived from physical considerations, Estimates of absorbed dose based on the

, cell data (figure 14)

are those given as open symbols, and estimates based on dicentric and ring aberrations in X,C, cells (figure 15)
are given as closed symbols, Triangles, circles and squares represent directly exposed survivors and survivors shielded
by wooden or concrete houses, respectively, Subscript e indicates those survivors who had epilation.

individuals who were more than 2.4 kilometres away
might have received radiations from sources other than
the primary ravs.

247. Three papers describe observations on peri-
pheral blood chromosomes of individuals accidentally
exposed to radiation from radio-active fall-out due to
the explosion of a thermonuclear device at Bikini in

1954,

248. Ishihara and Kumatoril3: 292 203 gtpdied cells
obtained from eighteen of the twenty-two fishermen
whose external exposure resulted in doses estimated
to range from 220 to 660 rads and who had also re-
ceived an unknown contribution from internally de-

~1

posited radio-active material. Samples were first taken
ten years after exposure and repeated sampling has
continued since that time. In the original study!3® it
was found that the aberration yield in the irradiated
individuals was significantly above controls and that
dicentric aberrations were present. but it was not
possible to correlate aberration yields with physically
estimated doses. However, when the individuals were
divided into three groups according to the degree of
damage indicated by the lowest neutrophil levels
reached shortly after exposure, it was found that the
mean frequencies of celis containing aberrations in these
three groups were correlated with the extent of damage
indicated by the original haematological findings. Follow-



up studies showed that three individuals possessed
clones of cells with chromosome abnormalities in their
bone marrow, and it was noted that these three per-
sons were, in fact, in the group who had the lowest
neutrophil counts shortly after exposure.

249. Lisco and Conard®®* have recently studied
blood cells obtained from fifty-one Marshallese, of
whom thirty had received an estimated whole-body
gamma-ray dose of 175 rads, thirteen had received
approximately 70 rads, and eight had not been exposed
and served as controls. The results are curious in that
more acentric fragments were found in controls than
in irradiated individuals. However, if we consider only
the dicentric and ring aberrations, a difference between
exposed and unexposed individuals is observed. In the
controls, no asymmetrical exchange aberrations were
found in the 400 cells analysed. but three dicentrics
and rings were found in 650 cells from the 70-rad
group and six in 1,500 cells in the 175-rad group. A
similar difference between control and exposed indi-
viduals was found for symmetrical exchange aberra-
tions.

250. These data from individuals exposed to radia-
tion following nuclear explosions all show significant
aberration yields in the survivors studied. Moreover.
the observations confirm earlier studies which showed
that radiation-induced chromosome aberrations can be
detected in leucocytes of individuals exposed to radia-
tion for clinical reasons up to twenty-two years prior
to observation. Most of these earlier studies did not
permit quantitative conclusions relating aberration yield
to absorbed dose, but the recent extensive data and
analyses on Hiroshima survivors suggest that a fair
measure of agreement exists between dose estimates
based on the yields of chromosome aberrations and in-
direct estimates of air dose arrived at through the use
of physical methods.

251. From the data discussed thus far it is evident
that the aberration yield must decline with increasing
time interval between irradiation and blood sampling,
and the influence of this factor on aberration yield
should now be considered.

5. Tume of sampling after radiation exposure
252. Since the first publications**- *$ demonstrating
that a significant yield of aberrations could be observed
in blood cells of individuals exposed to radiation many
years earlier, virtually all of the publications on in vive
exposure present data confirming these observations.

253. In the original work of Buckton et al.*! it
was shown that the frequency of cells carrying asym-
metrical aberrations (‘‘unstable” C, cells) showed an
approximately exponential decline with increasing time
after exposure, whereas the frequency of cells with
symmetrical changes (“stable” C, cells) stayed roughly
constant with time (paragraph 243). Cytological evi-
dence indicated that many of these aberrant cells with
asymmetrical changes were in their first post-irradia-
tion mitosis when sampled so that these data offered
a means of determining the average in tizo life span
of the dormant non-dividing leucocytes (small lympho-
cytes). Further studies by Buckton et al.3: % and by
Norman ¢t al?® %! have extended and refined the
analysis and led to the conclusion that the mean life
span of this cell lies somewhere between 300 and 1,500
days in accordance with the tritium-labelled thymidine
data on these cells obtained by Little et al1%

254. Goh®®® has suggested that not all the aberra-
tions observed in peripheral blood leucocytes many
years after exposure are aberrations induced at the
time of irradiation. The evidence in support of this
suggestion is meagre and is open to an alternative
interpretation. It is known, however,2? that chromatid-
type aberrations can be induced in human fibroblasts
by exposure to extracts of allogenic lymphocytes, and
Goh presents evidence®®? for a small, but significant,
effect of irradiated human plasma in inducing aberra-
tions in peripheral blood leucocytes, an observation
supported by the independent work of Hollowell and
Littlefield.?®® In Goh's experiments, the cultures were
incubated for seventy-two hours and, from the figures
in the published account, it is evident that most of the
aberrations observed were chromatid-type changes with
some “derived” (paragraph 74) chromosome-type frag-
ments: no chromosome-type dicentrics or rings were
noted. Hollowell and Littlefield®® used plasma from
patients given doses up to 4,500 rads from 2 MeV
x rays and observed chromatid-type and chromosome-
type changes in blood cells from normal individuals
cultured in the presence of such plasma. Five di-
centrics and rings were observed in 476 cells, but
these aberrations were probably of the “derived” type.
Unpublished works of other observers?®?30! have shown
either no discernible effect or a small increase in
chromatid aberration yields in first divisions of cultured
cells exposed to irradiated plasma.

255, It is of interest to note here reports?02 303
indicating that the long persistence of chromosomally
damaged lymphocytes so clearly demonstrated in man
and Rhesus monkey may not occur in certain other
mammals., Studies on PHA-stimulated blood cells
from monkey, rat, guinea pig and pig have shown
that unstable chromosome aberrations are not observed
for more than a few hours after irradiation except in
the monkey where C, cells were observed for as long
as the animals were observed (seven months). This
rapid loss of C; cells in these animals is of particular
interest, since, at least in the rat, in vivo studies with
trittum-labelled thymidine3°% 3% have clearly demon-
strated the presence of long-lived lymphocytes in unir-
radiated animals.

256. From the point of view of biological dosimetry,
there is normally little interest in samples of blood
cells taken from irradiated individuals many years
after radiation exposure. However. follow-up studies
will, of course, be of importance in connexion with
the possible somatic risks that may be associated with
the presence of aberrations. Chromosome studies on
bone-marrow cells in particular will be of paramount
importance with regard to leukemia risks. In the
case of the peripheral blood leucocyte (small lympho-
cyte). the composition of this cell population in peri-
pheral blood (as well as in extravascular areas) will
change with time simply because of the role played
by this cell in immunological response.®®® The work
of Nowell?18 302 suggests that the aberration yields
observed in leucocytes many weeks, months or years
after exposure will be dependent upon the number and
type of antigenic stimuli received by the individual
Letween the time of exposure and the time of sampling.

257. Although these small Iymphocytes are involved
in immune responses. they are, nevertheless. normally
non-dividing so ihat. in man, there should be no prefer-
ential loss of cells carrying chromosome damage in
samples taken many hours, davs or possibly weeks
after exposure, provided the cells are not involved in




an immune response. Support for this concept has come
from the in vitro studies of Scott et al**® and of
Kozlov®7 who have compared aberration yields in
peripheral blood leucocytes placed in a culture medium
containing PHA immediately after irradiation with
cells held for twenty-four hours post-irradiation or less
in a culture medium devoid of PHA. In both these
studies. using fast neutrons*® (paragraphs 176-177)
and cobalt-60 gamma rays,3® the general finding was
that an increased time between irradiation and mitotic
stimulation had little or no influence on the aberration
yield.

258. There is little information, however, on the
variation in life span of the small lymphocyte and
on the multiplicity of populations present throughout
the body. Nevertheless, on the basis of information
available, it would seem that. within any particular
defined subpopulation, the aberration yield should re-
main constant until that population becomes involved
in an immunological response. The difficulty is, of
course, that of defining a subpopulation or compart-
ment in a mixed population of morphologically iden-
tical but functionally diverse cells which migrate
throughout the body.

259. In terms of biological dosimetry, the location,
distribution and population density of lymphocytes
throughout the body is a problem of no importance if
an individual receives a uniform whole-body exposure
to a radiation of high penetrating power. This problem
could, however, be of great importance in the case of
an individual receiving partial-body exposure or when
the exposure is to radiation of low penetrating power
or of mixed quality. The problem may be minimized if
a sufficient cell mixing within the population occurs be-
tween the time of irradiation and sampling.

260. When blood is sampled immediately aiter an
acute exposure to radiation, then leucocytes that were
in the peripheral blood vessels at the time of exposure
will presumably be the only population that is sampled.
However, if sampling is delayed for a sufficient but
unknown time, then leucocytes that were in various
lymphopoletic centres at the time of irradiation may
have been mobilized into the blood stream. The data
obtained in the extracorporeal studies?®7 43 244 gsyg-
gest that this time interval is not greater than eight
hours and may, in fact, be of the order of a few minutes
(paragraphs 199-204). At later sampling times,
some of the leucocytes observed in peripheral blood
will not have been directly exposed to radiation but
will have been derived from irradiated stem cells,

261. To date, there is not a great deal of informa-
tion on the change in aberration yield in blood samples
obtained at frequent intervals throughout the first two
or three days following exposure. In the data of
Bender and Gooch'®! obtained from three men receiving
up to 47 rads of mixed gamma and neutron radiations
in a criticality accident, there appeared to be a little
difference in aberration yield in samples taken four
hours, two weeks and four weeks after exposure.

262. In some more recent work of Buckton et al.}®
which involved the partial-body exposure of ankylosing
spondylitis patients to various doses of x rays, it was
observed that higher aberration yields were obtained
from blood samples taken twenty-four hours after ex-
posure than from samples obtained immediately after
exposure (table III). More detailed studies were then
carried out by these authors on patients who had re-
ceived a partial-body exposure of 300 roentgens. Sam-
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ples were taken from these patients at zero, three.
six, twelve, twenty-four and forty-eight hours after ex-
posure. The aberration yield increased with sampling
time up to twenty-four hours and then declined at forty-
eight hours, At zero hours and forty-eight hours, the
frequency of “unstable” ceils was approximately one-
half the maximum yield thar was observed in the
twenty-four-hour samples. There was no significant
difference between yields observed in the six-, twelve-
and twenty-four-hour samples.

263. The wvery limited data on whole-body ex-
posure in the criticality accidents, often involving un-
even exposure, are insufficient to make any pronounce-
ments on change in aberration yield in the first few
hours following exposure. What few data exist do not
contradict the expectation of no change in yield with
time of sampling with this kind of exposure. However,
the recent whole-body x-ray studies™! support the
observations made in the earlier partial-body x-ray
work (paragraph 212 and table V). In the partial-body
and in the extracorporeal blood exposures, there is
clear evidence that the aberration yield changes with
time even in the first twenty-four hours following ex-
posure, There is but little information on the amount
and rate of change and no information on whether these
parameters are influenced bv dose level, site of ex-
posure, age and health of the exposed individual.

D. CoxcLusions

264. It is evident from the studies carried out on
patients receiving low doses from diagnostic x rays
and on individuals receiving chronic low doses as a
consequence of their occupation that doses of the order
of a few rads from x or gamma rays result in a sig-
nificant increase in the yield of aberrations in blood
leucocyte cells, This increase is particularly impressive
when dicentric and ring aberrations, that are extremely
rare occurrences in the blood cells of unexposed indi-
viduals, are considered. Thus, in terms of its possible
use in biological dosimetry, it is clear that this par-
ticular system is a very sensitive one.

265. A knowledge of the form of the relationship
between aberration yield and radiation dose is essential
in any attempt to extrapolate from one to the other.
Until very recently, the in vitro data that were avail-
able seemed rather disappointing, since considerable
differences were evident when data obtained in different
laboratories were compared. Nevertheless, within any
one laboratory, when the same techniques were em-
ployed, the results were consistent and highly repeat-
able (paragraphs 178-179). The more recently avail-
able data on the response to radiations of differing
quality reveal a high degree of consistency between
laboratories when similar conditions of irradiation and
of duration of culture are used.

266. The main factors contributing to differences
in results between laboratories are (a) the use of dif-
ferent culture times; (&) the irradiation of whole blood
prior to culture as opposed to the irradiation of blood
in culture; and (c¢) the use of different qualities of
radiation. It is evident that the aberration yields ob-
tained in cultures maintained from forty-eight to fifty-
four hours are generally higher than in cells irradiated
and cultured under the same conditions but sampled at
seventy-two hours. Higher aberration yields are also
reported, particularly at dose levels below approxi-
mately 150 rads of x or gamma rays, if blood cells
are irradiated after culturing rather than as whole



blood prior to culture. As a consequence of this. the
dose exponents from experiments with irradiated cul-
tures are somewhat lower than from experiments using
cells irradiated prior to culture. The reason for these
differences is not clear, and further work is certainly
necessary in this area, Large differences in response
are observed between radiations of differing quality, and
the RBE for 2 MeV x rays as compared with 250
kVp x rays is 0.8.

267. Studies on the yields of dicentric aberrations in
whole blood irradiated with 2 MeV x rays, cobalt-60
gamma rays or 150 to 300 kVp x rays, and cultured
from forty-eight to fifty-four hours. show that the dose
exponent, n, in the equation y =kD? is 1.9 to 2, 1.7
to 1.8 and 1.5 to 1.6, respectively. For blood cells ir-
radiated in culture with 180 to 250 kVp x rays and
cobalt-60 gamma rays, the dose exponents are reduced
to around 1.2 to 1.3. These data indicate that exchange
aberrations induced in witro by 2 MeV x rays are pre-
dominantly a consequence of the effects of two separate
tracks. With conventional x rays (150-300 kVp), how-
ever. up to dose levels yielding less than two dicentrics
per cell, a considerable proportion of the exchange aber-
rations is the consequence of single track events, Stu-
dies with 2 to 5 MeV DD neutrons and 0.7 MeV
(mean energy) fission neutrons indicate that with these
radiations there is a linear relationship between dose
and aberration vield over a wide range of doses. In the
case of 14.1 MeV neutrons, the relationship is not
linear, the dose exponent lying between 1.2 and 1.4.
Further information on the effects of fast neutrons,
particularly in relation to the influence of irradiation
and culture conditions and technique, is required.

268. In the in wiwo studies on the relationship be-
tween aberration yield and dose, much of the data
have been obtained from individuals exposed to partial-
body doses. Here, numerous complications arise, and
most of the data indicate that the aberration yield
changes with time within the first day or so after ex-
posure. These changes reflect alterations in the number,
distribution and mobility of the different leucocytes
within and between the exposed and unexposed regions
of the body at the time of exposure and the degree of
mixing that occurs between the time of irradiation and
the time of sampling from peripheral blood. It is clearly
difficult to derive a measure of absorbed dose under
these circumstances.

269. In view of the complications referred to above,
there can, of course. be no simple standard dose-
respouse relation for aberration yield in cases of partial-
body irradiation. In those cases where defined areas
oi the body have been exposed to radiation for therapy
purposes and blood samples taken at short defined inter-
vals after exposure, an increase in aberration yield
with increasing skin dose has been noted. In these
cases, the relation between the yield of dicentric and
ring aberrations and “skin dose” may be almost linear
(y = kD*?) or approximately follow a dose-squared
(y = kD?) relationship.

270. In the whole-body studies in which patients
received irom 17 to 50 rads from 2 MeV x rays. the
vield of dicentric and ring aberrations increased ap-
proximately linearly with dose in blood samples taken
immediately after exposure (y = kD%1?) but increased
approximately in proportion to the square of the dose
in samples taken twenty-four hours later (y = kD?-88),
This increased dose exponent in the later samples was
a consequence of significant increases in the yields ob-
tained in two of the patients given a dose of 50 rads.
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271. A number of laboratories are now studying
aberration yields in patients exposed to uniform whole-
body irradiation so that more data on the relationship
between aberration yield and radiation dose and
quality should become available in the near future,

272. In the criticality accidents in which individuals
were non-uniformly exposed to mixed gamma-neutron
radiation (paragraph 225), the data are naturally dif-
ficult to evaluate because of the complications of dose
distribution, radiation composition and RBE. However,
in the individual that received a physically estimated
dose of 47 rads (47 per cent of which was estimated
to be due to gamma rays) the yield of dicentrics and
rings was 0.033 per cell in cells sampled between four
hours and four weeks after exposure and cultured for
seventy-two hours. This yield is somewhat lower than
that (0.056 dicentrics and rings per cell) observed fol-
lowing forty-eight-hour cultures of blood from indi-
viduals exposed to whole-body irradiation of 2 MeV
x rays with a dose of 50 rads (paragraphs 210-213,
and table V.)

273. The limited data on whole-body exposure in-
dicate that the aberration yield could serve a useful
purpose in dosimetry in such cases, but more informa-
tion is certainly required. In this respect. we have
pointed out that results from samples taken shortly
after (within the first few hours or days) uniform
whole-body irradiation may not be influenced by the
distribution, ete. of the leucocytes at the time of irradia-
tion or sampling. On the other hand, in the case of
follow-up studies or where the first samples are taken
many weeks or months after an original exposure, the
aberrations will be studied in a selected population of
long-lived cells, The primary aberration yields in sur-
viving long-lived damaged cells will, however, be a
reflection of the dose received in the original exposure
(see the Hiroshima data referred to in paragraphs
240-246), and it may still be possible to make esti-
mates of ahsorbed dose from such cells. However, much
more work in this area is necessary, and a great deal
more information is required on the rate of decline
in aberration frequency with time and possibly, under
various conditions, in the months or years following
exposure,

V. Possible biological significance of the
aberrations

A.

274, The possible biological significance of chromo-
some aberrations, particularly with reference to their
presence in germ cells, has been the subject of con-
tinued review by the Committee,>3 There are no direct
data on the genetic consequences of radiation-induced
chromosome aberrations in the germ cells of man,
although information on the genetic consequences of
radiation-induced chromosome anomalies in laboratory
mammals and on constitutional chromosome anomalies
in man is available, Most of this information was
reviewed in detail in the 1966 report® so that only a
very brief consideration of the little new material will
be attempted here.

275. The significance of chromosome aberrations in
somatic cells has been the subject of much speculation.
The idea that aberrations might be causal factors in
certain somatic disease states in man has been con-
sidered since the early suggestion by Boveri®®® that
abnormalities of chromosome constitution might be
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significant causal factors in neoplasia. The fact that
neoplasms can be induced by ultra-violet, ionizing radia-
tions and chemical carcinogens. that these agents induce
chromosome aberrations and that such aberrations are
to be observed in many tumours has naturally provided
a good deal of incentive to examine the possible rela-
tionships involved. This has been further stimulated by
the more recent studies on virus-induced neoplasia in
mammals and on virus-induced chromosome aberra-
tions and also by the discovery of a specific chromo-
some change in bone-marrow cells of humans suffering
from a particular form of leukaemia.

276. This section will, therefore, examine the muta-
tional importance of chromosome aberrations in relation
to metabolic effects, cell killing, life-shortening. neo-
plasia and immunological deficiency, effects which have
all been suggested to be a consequence, at least in
part, of genetic imbalance.

B. ABERRATIONS IN GERM CELLS

277. The varieties and incidence of constitutional
aneuploidy in man were considered in detail in the
1966 report® of the Committee, and there is only little
new information of relevance to be considered here.
In that report, reference was made to two welil char-
acterized syndromes causally related to a loss of auto-
somal chromosome material, the “cri du chat” syndrome
(a deficiency in the short arm of chromosome 5)3%°
and a congenital anomaly resulting from a deficiency of
the long arm of chromosome 18 (18q —)J31%.311
Another deletion syndrome, first reported by Lejeune
et al. in 1964312 was shown to be associated with a
deletion of chromosome 21 (giving a partial mono-
somy), the syndrome showing many signs that appeared
to be the reverse of those characteristic of Down’s
syndrome. Since that time, a number of cases of a
syndrome3!3 have been reported in which the affected
individuals are completely monosomic for a group G
chromosome!™®178 (generally considered to be chromo-
some 21). Further evidence is. therefore, accumulating
that indicates that certain deficiencies in certain chromo-
somes and even the loss of a group G chromosome (pre-
sumably chromosome 21) may not be incompatible
with life, although all appear to be associated with
gross physical and mental abnormality.

278. Consideration was also given in the 1966 report®
to the incidence of chromosome anomalies in spon-
taneous abortion and still-born, and reference
was specifically made to the work of Carr.3* 315 In this
work, it had been shown that the incidence of 45X
zygotes in man occurs at a frequency of about 8.3 per
1,000 conceptions; the majority of such XO concep-
tions abort3'® one estimate indicating that only one
in forty reach full term.3!" In the mouse, XO indivi-
duals are viable fertile females. and the average
incidence of this condition in the mouse is around seven
per 1,000 births®8 319 (annex C, table VI, of the 1966
report3). The probable incidence of the XO condition at
the time of conception in man and mouse may, there-
fore, be very similar, and it is of interest to note that,
in the mouse, depending on the stage of development
of the germ cells at the time of irradiation, it has now
been shown that the incidence of XO offspring may be
increased up to three or four times following an expo-
sure of 100 roentgens of x rays38 321

279. In the last three years, considerable interest
has been aroused in individuals having an XYY chro-
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mosome constitution, since they have been reported
to occur with relatively high frequency in patients with
“dangerous, violent and criminal propensities” in state
hospitals®® and in prison populations.3?3 %24 Jacobs
et al3* reported that 3 per cent of 314 patients in a
state hospital in Scotland for the mentally sub-normal
had an XYY chromosome constitution and that the
mean height of such patients was significantly in excess
of the mean height of men in the hospital with an XY
chromosome constitution. It had previously been re-
ported®®® that XYY individuals were fertile.

280. The possible significance of an extra Y chromo-
some with regard to criminal behaviour has not yet
been clarified, as a number of conflicting reports3?6. 327
have appeared since the original suggestion of this
association.®?* Good estimates of the incidence of XYY
males in “normal” populations are only just becoming
available. It is reported®*® that only one XYY male
was discovered in a survey of over 2,000 Edinburgh
males examined prior to the state hospital and prison
surveys. Recent studies in Canada®?® indicate a fre-
quency of XYY males among new-born of two in
1,000, and a frequency between one and two in 1,000
in the general population is suggested by a survey
carried out in France.3%

281. Five sexually abnormal patients have been re-
ported33!-334 to contain chromosome complements with
an apparent dicentric Y chromosome, and it has been
suggested®®® that some isochromosomes for the long
arm of the X chromosome are dicentrics. These are
referred to here simply to point out that, in those rare
instances when the two centromeres of a dicentric
chromosome are very clearly juxtaposed, the dicentric
may behave in a manner functionally similar to a
normal monocentric chromosome at anaphase of mitosis
and, hence, be transmitted to all the descendant cells.

282. It was concluded in the 1966 report® that
chromosome anomalies are to be observed in the somatic
cells of about ten per 1,000 live new-born infants and
that half of these abnormalities are accounted for by
translocations. This estimate of five individuals with
translocation per 1,000 live new-born is certainly a
minimum estimate, and better estimates will not be
available until considerably more work on meiotic cells
is carried out. For this reason. it is relevant to con-
sider here some new data®! obtained from a highly
selected population comprising fifty males attending
a subfertility clinic,

283. These individuals were selected on the basis of
being chromatin-negative and having a sperm count
of less than 20 10% per millilitre; a proportion were
azoospermic. The observation of interest here is that
four of the men were found to be translocation hetero-
zygotes on the basis of meiotic studies, but in only two
of these men could the translocations be discerned at
mitosis in somatic cells. This result serves to under-
line the inefficiency of translocation detection in somatic
cells (see paragraph 38 where it is concluded that only
approximately 20 per cent of the radiation-induced
translocations can be detected in somatic cells) and
points to a very high incidence of translocation hete-
rozygosity in subfertile men. This observation is in
itself significant, since it is usually assumed that the
semi-sterility that is to be found in insects or laboratory
mammals that are translocation heterozygotes will be
of little consequence in man because family-size falls
short of the fecundity of the species.



284. A study has recently been reported *3% on the
incidence of constitutional chromosome anomalies in
offspring of mothers exposed to abdominal diagnostic
radiation (estimated maximum gonadal dose up to 7
rad) prior to conception, and the authors interpret
their results as indicating an increased risk in such
offspring. However, in this study. the f{requency of
trisomic offspring in matched-control unirradiated
mothers was unexpectedly low, and, moreover, the
incidence of still births in this control group was signi-
ficantly higher than in the irradiated group. The Com-
mittee is continually reassessing this problem, but
these new data do not alter its opinions stated in the
1962 and 1966 reports*?® that is, that exposure to
ionizing radiations might result in an increase in the
prevalence of developmental congenital malformations
but that no quantitative estimates can be made at this
time.

C. ABERRATIONS IN SOMATIC CELLS

285. There has been much speculation concerning
possible relationships between radiation-induced chro-
mosome aberrations in somatic cells and various diseases
in man. To date. however, almost no data have
been obtained which permit precise statements relating
a particular chromosome aberration to a particular lesion
or a given yield of radiation-induced aberrations to a
predictable incidence of a specific disease in man or
other mammals, Nonetheless, the postulated relation-
ships between chromosonie changes and such disorders
as neoplasia, auto-immune disease, and non-specific
aging are worth reviewing if only to stimulate further
work.

1. Somatic mutation and metabolic effects

286. One general hypothesis has suggested that
radiation-induced chromosome aberrations may be an
important mutational mechanism by which cellular alte-
ration or depletion takes place in mammalian organs
with increasing age leading to disease or death, but
few corroborative data are available.33% 340 Deleterious
metabolic changes in mammalian parenchymal cells
surviving radiation injury have not been directly related
to induced chromosome changes. Material for such
studies is possibly available in the clones of cells with
chromosome aberrations which repopulate the peripheral
blood and the hematopoietic tissues of humans and
rodents surviving large doses of radiation,31: 135 222, 341-
34t To date, however, the alterations of specific func-
tional capacity of the enzyme activity of these chro-
mosomally abnormal cells have not been compared to
those of non-irradiated populations, although super-
ficially, at least, these ceils appear to be functioning
normally.

287. In human chronic granulocytic leukemia, in-
cluding those cases believed to be radiation-induced,
alkaline phosphatase levels are consistently reduced in
leukeemic leucocytes which also carry an abnormal
chromosome 21 (the Philadelphia chromosome).34?
Whether this enzymatic deficiency has any deleterious
effect on the cells involved is not known.

288. Only very sketchy data are available on enzyme
changes associated with constitutional chromosome
abnormalities in man (these conditions were reviewed
by the Committee in its 1966 report).® Trisomy 21
(Down’s syndrome) is associated with increased levels
of a number of leucocyte enzymes3*¥348 ag tvell as
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with alterations in tryptophane metabolism,3® but
these may reflect a general alteration in control mechan-
isms for RNA or protein synthesis rather than involve-
ment of specific structural loci3%® Abnormalities in
hemoglobin and haptoglobin synthesis have been re-
ported in constitutional anomalies involving group D
chromosomes (chromosomes 13-15), but again it is not
clear whether structural genes or regulatory mechanisms
are involved.®®® 3% In abnormalities of the human X
chromosome, specific metabolic alteration in affected
cells has not been recognized; apparently the abnor-
mal X is consistently inactive genetically in such cells.35*
The metabolic effects of specific chromosome abnor-
malities in human cells thus remain almost totally
unknown.

2. Somatic mutation and cell killing

289. With respect to the relationship between radia-
tion-induced chromosome aberrations and cell killing,
more extensive information is available. These data
largely involve reproductive cell death in witro (for
example, inability to complete mitosis or to proliferate
sufficiently to produce a viable clone) as opposed to
interphase death (for example. death of non-proliferat-
ing cells), and this may be of importance in considering
the relevance of such studies to the effects of radiation
in the human body. In general, the x-ray dose-response
curves have been similar for both cell reproductive
survival and production of chromosome abnormalities
in a number of cell systems,'*® 3% and there is good
evidence that certain types of chromosome aberrations
may result in cell killing (paragraphs 24-50).

290. However, discrepancies have been observed in
some experiments, both in the shape of the curves, with
consequent considerations of recovery and repair me-
chanisms, and in the effect of modifying factors. Thus,
in some instances, mechanisms not involving chromo-
some aberrations can apparently cause reproductive cell
death following radiation injury*® 197 Both somatic
mutation and cell killing may underlie various somatic
effects of ionizing radiation in the mammalian organism,
and chromosomal damage may be visible evidence of the
primary site of injury, but any quantitative statements,
based on presently available data, attempting to relate
these phenomena may subsequently prove to be over-
simplified.

3. Somatic mutation and lije-shortening

291. There has been considerable speculation about
the role of chromosome aberrations as mediators of the
aging process. The fact that radiation results in life-
shortening has long been well documented in experi-
mental animals with extensive consideration of a variety
of radiation parameters.®® but whether reduced life
span results simply from radiation-induced increases in
certain specific diseases or from acceleration of some
generalized non-specific aging process has been debated.
Where radiation-induced life-shortening is clearly re-
lated to increased tumour incidence. the same concepts
of the role of chromosome aberrations would apply,
as will be discussed in the next section. If some non-
specific aging phenomenon is to he postulated, the
possible significance of chromosome aberrations depends
on the particular senescence theory being proposed.
If radiation-induced aging of tissues and organs is con-
sidered to result from mutational events leading to
death or diminished function of non-replaceable cells
or to reproductive death of cells needed for renewal,




chromosome aberrations might obviously play a central
role. Similarly, aging attributed to auto-immune mecha-
nisms mediated by ““forbidden clones” arising through
somatic mutation (paragraph 317) could also have a
chromosomal basis.3 3% On the other lhand. theories
of aging based on extracellular, degenerative changes,
such as increased cross-linkage of collagen 3% would
seem unrelated to chromosome alterations.

292, Attempts to approach these questions experi-
mentally have been relatively few, Curtis. in a series
of studies in mice,®*° extending concepts and techniques
of earlier workers 3% 361. 302 has demonstrated a direct
correlation between life-shortening and frequency of
chromosome aberrations in liver cells. This relationship
was observed after various types of radiation exposure
and also in strains of mice differing naturally in life
span. Curtis has cited these data to support the somatic
mutation theory of aging, postulating radiation-induced
life-shortening as the direct result of radiation-induced
chromosome aberrations. This conclusion has been chal-
lenged on various grounds, including the lack of corre-
lation between liver chromosome change and hepatic
dysfunction and the failure of chemicals which produce
liver chromosome aberrations in mice to induce life-
shortening. %% Kohn®° has suggested that the observed
aberrations might be the consequence, rather than the
cause. of altered metabolic states or of diseases asso-
ciated with life-shortening,

293. Comparable data are not available in man, al-
though an increased incidence of aneuploidy with age
has been observed in peripheral blood lymphocyte cul-
tures from a large human population (paragraph 78).
The incidence of such alterations is always low, how-
ever, and no increase in structural aberrations has been
reported, In the absence of a generally accepted defini-
tion of biological aging, the relationship between radia-
tion-induced life-shortening in experimental animals
and age-related processes in the human population is
difficult to assess. Even if such a relationship is ac-
cepted as valid, additional experimental evidence is re-
quired that specifically relates radiation-induced aging
to chromosome aberrations as opposed to other possible
mechanisms,

4. Somatic mutation and neoplasia

294. The most extensive evidence relating radiation-
induced chromosome changes in somatic cells to sig-
nificant biological effects in man would appear to be
in the area of neoplasia. It has been recognized for
many years that ionizing radiation produces chromo-
some aberrations and also tumours in both man and
animals. Since chromosome changes have been
demonstrated in nearly all tumours studied by
modern cytogenetic techniques, older concepts con-
cerning the causal role of chromosome aberrations in
neoplasia®®® have been revived, and it has been tempt-
ing to speculate that radiation-induced tumours result
directlv from radiation-induced chromosome aberra-
tions. Much evidence has accumulated which at least
indirectly supports this hypothesis, but, at the same
time, it has proved extremely difficult to demonstrate
precise quantitative relationships. following radiation,
between aberration frequencies and subsequent tumour
incidence. In the following paragraphs, the evidence
relating chromosome aberrations and tumours is briefly
summarized, and some limitations of available data and
concepts are indicated.
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295. It is certainly well documented that many
agents and conditions which produce chromosome aber-
rations also cause tumours, Not only ionizing radiation,
but also ultra-violet light, a number of oncogenic viruses
and several carcinogenic chemicals have been shown
to have this capacity (paragraphs 33 and 56).

296. Both DNA and RNA tumour viruses, includ-
ing Rous  wvirus, adeno-viruses. SV40 and
polyoma,®% 98, 101, 36 hayve produced chromatid aberra-
tions in human and animal cell cultures (paragraph
56). It is of interest that. while the Schmidt-Ruppin
strain of the Rous virus causes chromatid abnormalities
in human leucocyte cultures and also tumours in ex-
perimental animals, the Bryan strain of the Rous virus,
under similar circumstances, produces neither chromo-
some changes nor neoplasia 1

297, Benzene, perhaps the best documented leu-
kemogenic chemical in man, also appears capable of
causing chromosome changes in human cells 365 307
Carbon tetrachloride and other hepatic carcinogens
have been shown to produce both tumours and chromo-
some aberrations in the rodent liver.38% 3% Although a
number of other mutagenic chemicals have recently
been shown to yield chromatid alterations in human
cells (paragraph 53), their carcinogenicity remains to
be demonstrated.

298. It is also now clear that there is an increased
incidence of leukzmia and lymphoma in several rare
human diseases (Bloom's syndrome, Fanconi’s svn-
drome, and perhaps ataxia-telangiectasia and xeroderma
pigmentosum) in which there is a constitutional pro-
pensity for increased spontaneous chromosome aber-
rations observed as chromatid aberrations in leucocyte
cultures,3#0: 371, 372 Sych  data, involving a variety of
agents and conditions. have suggested that genetic
damage, as indicated by chromosome aberrations,
might be a common mechanism by which most, if not
all, carcinogens act,

299. The frequency of chromosome abnormalities
in tumours has been used to support this argument.
Certainly most neoplasms, radiation-induced or not, do
show chromosome aberrations, Numerous studies in
recent years3® 381 have demonstrated that. except for
some human acute leukzmias and some virus-induced
rodent leukaemias, nearly every mammalian tumour, by
the time it reaches macroscopic size, is characterized by
chromosome changes.

300. Furthermore, the neoplastic cells bearing these
abnormalities frequently appear as stemlines or clones,
particularly in the leukemias, but in many solid
tumours as well. The entire neoplasm often consists of
a single clone with all cells showing the same altera-
tion in karyotype, or of a small number of clones,
usually with related chromosome changes. This clonal
phenomenon has suggested that a tumour may consist
entirely of the progeny of a single aberrant cell.34 382
a cell having a proliferative advantage as a result of its
altered karyotype. Subsequently, additional clones may
appear and even come to predominate as further karyo-
typic changes confer additional selective advantages.
Sequential studies in human neoplasms have supported
this concept of the important role which chromosome
alterations play in the progressive development of
tumours,382. 388

301. However, it is still debatable whether the
chromosome changes observed in mammalian neoplasms
are primary or secondary phenomena and whether they



are involved in the initiation of the wumour or only in
its subsequent progression, The alteration observed in
one tumour is usually different from that observed in
the next even when the two neoplasms are clinically
and histologically identical.®'® %! In general, each type
of mammalian neoplasm has not been characterized by
a specific chromosome abnormality. This, plus ihe
occurrence of some leukaemias and even a few solid
malignancies®™ 380,357 without any demonstrable
chromosome changes, has led many investigators, but
not all 7% 379 tg conclude that the chromosome changes
seen in most tumours are secondary phenomena super-
imposed on an already neoplastic process. This con-
clusion does not rule out genetic alteration, or altera-
tions, 3% as the initiating event in neoplasia; it simply
suggests that it may be submicroscopic.

302. The first example of a neoplasm with a specific
chromosome change is human chronic granulocytic
leukzmia. where, in 90-95 per cent of the typical cases,
the karyotype is characterized by the same abnormality,
namely, a chromosome 21 lacking approximately half
of its long arm, the so-called Philadelphia chromosome
(Pht). This is not an inborn change but rather an
acquired abnormality i%® ordinarily limited to the neo-
plastic hemopoietic cells (myeloid, magakaryocytic
and erythroid) and not present in lymphocytes or other
tissues of the body.3™* (In irradiated individuals with-
out leukemia, the Ph' chromosome has occasionally
been observed in extramedullary tissues (paragraph
309), and in two incompletely documented instances it
may have occurred as a familiar abnormality).38% 390

303. When present in neoplastic cells, the Phila-
delphia chromosome is associated with chronic granulo-
cytic leukaemia, although it has been, on rare occasions,
observed in related myeloproliferative disorders such as
polycythaemia vera®® It persists throughout the
course of the disease with additional karyotypic changes
frequently superimposed in the late stages. During
remission, when immature myeloid cells disappear from
the peripheral blood. the Ph! may not be demonstrable
in peripheral leucocyte cultures, but it is still observable
in dividing marrow cells ®%

304. The constancy oi the association between the
Philadelphia chromosome and chronic granulocytic
leukeemia has suggested that, in this instance, a chro-
mosome change is a primary phenomenon and that the
occurrence of this aberration in a marrow stem cell is
directly involved in the initiation of the neoplasm.

305. A similar suggestion might also be made for
the relatively few other human and animal tumours in
which some of the cases have apparently demonstrated
a characteristic chromosome change.3% 397 These in-
clude such neoplasms as Waldenstrom’s macroglo-
bulinemia, Burkitt lymphoma, multiple myeloma, cer-
tain human ovarian and testicular tumours and several
leukaemias in rats and mice, In the first three instances,
for .example, a number of cases have shown a large
abnormal “marker” chromosome, similar to a group A
chromosome (chromosome 1-3) in the Burkitt and
Waldenstrom's tumours, and similar to a large D chro-
mosome (chromosome 13-13) in multiple myeloma.

306. In none of these various human and animal
tumours, however. has the constancy of the particular
chromosome change noted in each instance approached
that of the Ph! in chronic granulocytic leukemia, For
most of these tumours, the abnormality characteristic
for the particular neoplasm has been found in less
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than half of the cases examined. In these disorders,
therefore. it is much more difficult to postulate a
primary role for the chromosome alteration observed.

307. In truth, of course, one cannot currently make
an absolute statement about the primary nature of any
chromosome change in any tumour. Only when specific
chromosome changes can be related to specific meta-
bolic abnormalities (and we also know what metabolic
changes are critical in the initiation of neoplasia) will
such a statement be made with assurance. In our
present state of knowledge, one may perhaps only
suggest that the changes observed in most neoplasms,
because of their apparent inconstancy from case to
case, seem likely to be evolutionary phenomena im-
portant in progression, while the Philadelphia chromo-
some, because of its constant and specific association
with chronic granulocytic leukeemia, is probably in-
volved in the initiation of that disease.

308. Radiation-induced tumours have proved to be
no exception to these general concepts of the signifi-
cance of chromosome alterations in neoplastic cells.
Apparently all, or nearly all, radiation-induced tumours
show chromosome changes. but, as with most other
tumours. these vary from case to case.3%% 345, 366, 376,
398,399 Tn addition, not all cell clones with radiation-
induced chromosome aberrations are necessarily neo-
plastic. Heavily irradiated humans and animals have
been found to have clones of cells marked by radia-
tion-induced chromosome aberrations which are appar-
ently non-neoplastic and functionally normal and persist
in their hzmatopoietic tissues for long periods of time
after recovery.13l: 135, 222, 341344 The frequency of such
non-leukamic clones has made it impossible to use chiro-
mosome studies to predict which irradiated individuals
will eventually develop leukemia, although in non-
irradiated individuals a clone of marrow cells with a
chromosome abnormality appears to be a good indica-
tion that a preleukemic disorder is in transition to a
frank leukaemia.*!

309. The Philadelphia chromosome is present in
those cases of chronic granulocytic leukzmia which
appear to be radiation-induced 3% #00-40¢ 35 well as in
those with no radiation history. In irradiated indi-
viduals without leukemia, the Ph! chromosome has
been observed (both in single cells and in clones) in
peripheral lymphocytes and in skin cells,’3% 06 put,
with one possible exception.®*® it has not been reported
in the bone marrow. Since only in a marrow stem
cell does the Ph' appear to have a role in initiating a
malignancy, those individuals in which it is found in
such a cell will be of particular interest to follow to
determine if leukamia subsequently develops.

310. In addition to these considerations, lack of
quantitative conclusions on the role of chromosome
changes in radiation carcinogenesis has also resulted
from the difficulty of obtaining precise dose-response
curves for either aberrations or tumours, although. in
general, both show an increasing incidence with in-
creasing dose. The induction of tumours by ionizing
radiation is a complex problem which was extensively
reviewed by the Committee in its 1964 report.3® In
addition to the important modifying effects on tumour
incidence of such variables as radiation quality. dose
rate, and non-uniform dose distribution over the body,
one must also consider possible indirect mechanisms
invalved in radiation carcinogenesis 07110 Activation
of oncogenic virus, depression of the immune response,




alteration of hormone levels and non-specific cell killing
and regenerative stimulation may all be radiation-
induced effects in the body which nlay an important
role in carcinogenesis,

311. At the level of the individual cell, one must,
of course, consider not only direct genetic damage by
radiation but also the possibility of the cell previously
damaged by radiation being more susceptible to attack
by an oncogenic virus.**® Such a radiation-damaged
cell may also have a greater propensity for subsequent
“spontaneous’” chromosomal rearrangements during
mitosis or other “spontaneous” genetic alterations®®
and may as well be more liable to reproductive cell
death.®®® The evidence imcriminating viruses in many
radiation-induced tumours has recently become parti-
cularly strong,*® but all of these various factors have
contributed to make it extremely difficult to predict
with confidence the tumour incidence subsequent to a
given radiation exposure.

312, Similarly, radiation quality and dose rate are
important modifying factors, although some s wivo
data and many i vitro data now make it possible to
relate quantitatively radiation doses to chromosome-
aberration yields in human, as well as in animal, cells.
In addition, the quantitative results of in wivo studies
may also be affected by the frequency of cell division in
the irradiated host of the particular cells studied.?!8. 302

313. Taking these variables together, it is perhaps
not surprising that no data, either animal or human,
are yet available on which to establish precise quanti-
tative relationships involving a given radiation ex-
posure, the resultant aberration yield and the number
or kind of tumours to be subsequently expected, It is
of interest that the RBE for neutrons versus x rays
appears to be comparable for tumours*® and chromosome
aberrations, at least in some circumstances. Also, several
studies have indicated that Thorotrast, through its
primary localization in the reticulo-endothelial system,
produces both leukaemias and hemangioendotheliomas
as well as demonstrable chromosome alterations in
lymphocytes, whereas radium, localizing in bone, pro-
duces osteogenic sarcomas more frequently than leukz-

mias and yields fewer chromosome changes in lympho-
cvtes. 179, 24, 268, 411, 412

314. However, very few experiments have approached
directly the quantitative relationships between chromo-
some aberrations and tumour incidence. In one study
that compared the effects of high and low dose radia-
tion on the mouse liver*1% the chromosome aberration
yield was higher, but the subsequent incidence of hepa-
tomas lower, after exposure to a high dose rate than
it was after exposure to a low dose rate. The authors
postulated a cell-killing effect of the high-dose-rate
radiation, associated with visible chromosome aberra-
tions, which removed potentially neoplastic cells from
the surviving population.

315. Summary. In both man and animals, radiation-
induced chromosome aberrations and radiation-induced
neoplasms regularly appear together. The chromosome
changes may represent visible evidence of intracellular
alterations involved in the neoplastic process. However,
the mechanism of radiation carcinogenesis is still far
from clear, and the number or type of radiation-induced
chromosome aberrations observed in an irradiated in-
dividual cannot at present be confidently used to predict
the risk of his later developing a neoplasm, except
perhaps in the case of chronic granulocytic leukemia.
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5. Somatic mutation and tnmunological deficiency

316. Both mutational events and cell depletion have
heen cited as possible mechanisms for immunological
disorders and deficiencies, and both could result from
radiation-induced chromosome aberrations.

317. Although radiation can preduce acute immuno-
logical deficiency through its cell-killing effects on the
lymphoid system.i'* how much of this effect is medi-
ated through chromosome aberrations is not kaown.
Nor is it known if the tendency towards increasing
immunological deficiency with advancing age is due to
either cell depletion or genetic alterations in the
immune system. In a system, however, in which cell
division is apparently required for the initiation of its
specific functions, deleterious effects of chromosome
aberrations can be readily visualized.

318. It has been postulated that human auto-immune
disorders might stem from somatic mutations in the
lymphoid system. For instance. statistical study of the
age and sex distribution of rheumatoid arthritis, lupus
erythematosus, multiple sclerosis and other possible
auto-immune diseases has led Burch3% extending the
concepts of Burnet*'® and others, to suggest somatic
mutation as a source of “forbidden clones” of lymphoid
cells capable of reacting against “self” and producing
clinical disease. Although such theories do not neces-
sarily require either radiation as the mutagen or visible
chromosome aberration as the form of genetic change,
such possibilities obviously exist.

319. Among the group of rare human diseases which
have recently been shown to be characterized by in-
creased chromosome fragility,386- 371 it is of interest
that at least one of them, ataxia-telangiectasia, is also
associated with immunological deficiency.#® Immune
defects have not been prominent in either Fanconi's
anzmia or Bloom's syndrome, the other two disorders
showing excessive spontaneous chromosome breakage
in lymphocyte cultures, but neither disease has been
extensively studied from this standpoint.*!”

320. It must be stated, in summary, that at present
there is neither epidemiological nor experimental evi-
dence directly relating immunological disorders or de-
ficiencies in man or animals to chromosome aberra-
tions known to be induced by radiation.

D. CoNcLysIONS

321. In relation to aberrations in germs cells. there
is little to add to the conclusions arrived at by the
Committee in its 1966 report.® The only point worthy
of extra emphasis here is the need for more infor-
mation on human meiotic cells so that better estimates
of the spontaneous level of translocations in man and
a better understanding of their genetic consequences
can be obtained.

322. At the somatic cell level, although attempts at
relating certain constitutional chromosome abnormal-
ities in man with specific metabolic deviations from
the normal are continually being made, as yet there
is little direct information relating alteration or loss
of gene function with alteration or loss of a particular
chromosome or chromosome segment. The demonstra-
tions of the existence of clones of cells containing
abnormal karyotypes in the peripheral blood leuco-
cytes of individuals previously exposed to radiation
now offer an opportunity for detailed metabolic studies
on a wide variety of chromosomally aberrant cells. No



such studies have yet been reported., but work in this
area will not only clarify the variety of detrimental
effects that are to be expected to result irom the
presence of aberrations in somatic cells but will also
provide information for the genetic mapping of the
human chromosome complement.

323. It is to be expected on a priori grounds that
certain kinds of chromosome aberrations will be cell-
lethal and so will contribute to cell depletion. However,
it is not possible to state in quantitative terms the rela-
tive mmportance of the variety of chromosome aberra-
tlol?s in contributing to cell killing in human somatic
cells.

324, If one attempts to relate specific somatic ef-
fects, such as immunological deficiency or life-short-
ening, to chromosome changes, the problem becomes
even more complex. Hypotheses have been advanced
relating these disorders to radiation-induced somatic
mutations. but strong, supportive, experimental evidence
is lacking, and non-mutational mechanisms have also
been advocated.

325. The significance of the role played by chromo-
some aberrations in the aetiology of neoplastic disease
is also far from clear. In the case of chronic myeloid
leukemia, the evidence strongly implicates a specific
chromosome aberration (the Ph' chromosome) as play-
ing a significant role in the initiation of this disease.
Although the possibility remains open that other speci-
fic chromosome abnormalities may be involved with
other types of neoplastic change, the presence of a
wide variety of chromosome aberrations in most tu-
mours, and their complete absence in a few, militates
against the notion of a simple causal relationship. The
inconsistencies that have been observed may well be
a consequence of there being many different pathways
that lead to a common biological end-point. If neo-
plasia is a multi-step process, the possibility exists that
a radiation-induced alteration of the genome may pro-
vide a more favourable environment for the develop-
ment of additional essential alterations, through in-
creased susceptibility to an oncogenic virus, or greater
liability to “spontaneous” mitotic errors, or through
some other mechanism. Until the basic mechanisms
of radiation carcinogenesis are better understood, it
will be difficult to define more clearly the role of
chromosome aberrations in this process.

VI. Conclusions

APPLICATION OF ABERRATION YIELDS FOR
BIOLOGICAL DOSIMETRY

326. The possibilities of estimating the absorbed
dose received by individuals through biological rather
than (or where possible, in addition to) physical
methods have an obvious interest, particularly in those
cases where accidental exposure has occurred. At-
tempts to make rapid estimates of dose based on film
badges worn by radiation workers are liable to error,
especially if assumptions have to be made regarding
shielding by objects intervening between the exposed
individual and the radiation source. Moreover. the
degree of radiation exposure is frequently not uniform
over the whole body. and this leads to complications
if the dosimetric device is in essence a point receiver.

327. In cases of criticality accidents, physical mea-
surements made at a later time usually involve an ex-
perimentally contrived incident in an attempt to obtain
a reasonable approximation of the dose received during

A,
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the accident. Alternative biological techniques that have
been studied from the point of view of their use as
dosimeters have so far proved disappointing. A num-
ber of possibilities have been investigated.278. 118 includ-
ing studies of metabolic products excreted in the urine
and of the frequency of lymphocytes with bilobed or
double nuclei or of neutrophils carrying particles with
specific staining properties. However. none of these
biological parameters has been shown to vary con-
sistently with radiation dose.

328. Considered in qualitative terms, there is no
doubt that the presence of a significant number of
chromosome aberrations, more particularly of the dicen-
tric- and ring-type, may be indicative of a previous
radiation exposure. This follows, since it has been
shown that the spontaneous in wzivo occurrence of a
dicentric or ring aberration is an extremely rare event
in the blood cells of the many hundreds of individuals
that have been examined from this aspect. Such aberra-
tions occur, at most, once in every 2.000 cells taken
from unirradiated subjects. whereas 20 == 5 such aber-
rations would be expected in 2,000 cells from an indivi-
dual, or individuals, that had received a whole-body
x-ray dose of 10 rads or its equivalent. The frequency
of these aberrations would appear to be uninfluenced
by previous exposure to infectious agents or (except
in certain specific cases) to chemical agents. The fre-
quency of dicentric and ring aberrations in a population
or in an individual is, therefore. a good qualitative
screening test for a previous radiation history. More-
over, because of the long life span of at least a propor-
tion of the lymphocyte population, aberrations can be
observed in these cells many years after the original
radiation exposure.

329. A good example of the use of chromosome-
aberration yield in this qualitative context is afforded
by a recent report'® of an examination of an individual
who. on the basis of film badge measurements, was
assumed to have received a dose of 300 rads. It was
possible to state after chromosome analysis that a signi-
ficant dose of radiation had not, in fact. been recei.ved
by this individual, since no chromosome abnormalities
were seen in cultured blood or even in direct prepara-
tions of bone-marrow cells. The badge was, therefore,
assumed to be faulty or to have been exposed inde-
pendently of the individual. In circumstances such as
this, where there is no way of reconstructing the con-
ditions under which the exposure occurred and thereby
of checking the validity of the film badge information,
information from chromosome analysis can be of great
value.

330. The main advantages of a biological method as
opposed to physical methods of measuring absorbed
dose in man would follow ifrom the directness and
permanent availability of the biological method. from
the fact that information on and extrapolation from the
relative biological efficiencies of a spectrum of radia-
tions received in a mixed exposure is not required and
because a biological dosimeter is in itself one step
nearer to the problem of assessing immediate damage
and future risk. In the particular case of a chromo-
some-aberration dosimeter, it may be added that chromo-
some aberrations are believed to be responsible for a
certain proportion of the cell killing following radia-
tion exposure; they are mutational events and they are
generally believed to play some part at least in the
development of late somatic effects. However, it should
be emphasized here that, in the current state of our




knowledge, aberration yields cannot be related to a
biological effect and that the presence of a low fre-
quency of aberrations in the peripheral blood cells of
an individual can. therefore, in no way be regarded as
constituting a medical risk,

331. The starting points for considering the possible
use of chromosome aberrations as opposed to other
possible biological systems as indicators of dose are
(a) the high sensitivity of the human chromosome com-
plement and the high resolution of the method. since
the effects of doses of around 5 rads or less can be
detected. and (b) the fact that the vield of chromo-
some aberrations induced is closely correlated in a
specific manner with the dose of radiation received.

332, It was concluded (paragraphs 138-144) that,
from the cvtological viewpoint, by far the best system
for use in chromosome-aberration dosimetry was the
peripheral blood leucocyte system, provided chromo-
some-type aberrations were scored, preferably at the
first mitosis following radiation exposure. Moreover,
there is little doubt that a measure of the radiation
damage incurred by leucocytes (more particularly the
small lymphocytes) that are widely distributed through-
out most tissues and areas of the body should be a good
indicator of the effect of radiation on the individual as
a whole. There are, however, a number of disadvan-
tages to the system, although it should be noted that
many of these disadvantages also apply to physical
dosimetric systems,

333. Dosimeters require calibration, and the calibra-
tion with the peripheral blood leucocyte system will
almost certainly require an accurate correlation between
the response of these cells in witro and their response
when exposed 1 vivo, This cross reference to the
in vilro system seems necessary, since opportunities for
analysing cells from individuals exposed to various
levels of whole-body radiation are fortunately rare.
Thus, good in wvive dose-response curves, particularly
from healthy individuals accidentally exposed to radia-
tion, will be difficult to obtain. However, recent studies
(paragraphs 199-205), including the use of the tech-
nique of extracorporeal irradiation, indicate that the
response in vitro is equivalent to that obtained in zive,
although further work here is clearly necessary.

334. In the in vitro work, despite the fact that accu-
rate physical estimates of dose are available and that,
within most laboratories, a repeatable quantitative rela-
tionship between aberration yield and dose is always
found, differences in results are, nevertheless, to be
found between laboratories in both the absolute aberra-
tion yields at given dose levels and in the shape of the
dose-response curves. Some of the explanations for
these differences have now become clear. When factors
such as radiation quality, methods of irradiation and
duration of culture are taken into account, good inter-
laboratory agreement is obtained. Further studies on
these factors are, however, necessary before the pros-
pect of obtaining standard sets of coefficients relating
aberration vield to radiation dose can be realized.

335. In witro studies on the influence of dose rate
on aberration yields induced by x rays have been
carried out by a number of laboratories, and it can be
concluded from the results obtained that there is little
dependence of aberration yield on exposure time over
times ranging from one to thirty minutes. This is, of
course, a feature of some importance in attempting to
relate aberration yields with dose. Similar studies with
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fission neutrons show that the yield of aberrations
induced by these particles is, as expected, independent
of dose rate and exposure time, and that fission neu-
trons (mean energy 0.7 MeV) and fast neutrons (2.2
MeV and 14 MeV) are two to five times as effective
per rad as 250 kV x rays in inducing aberrations.

336, In the in vivo work. in only one study have
individuals been exposed to accurately measured uni-
form whole-body radiation (2 MeV x rays). In this
study, the yield of dicentric and ring aberrations in
peripheral blood cells was shown to increase approxi-
mately linearly with exposure over the dose range
studied (0-50 rad) if samples were taken immediately
after radiation exposure, the coefficient of yield for
these aberrations being 0.001 per cell-rad. Uniform
whole-body exposure to a penetrating radiation, so that
all cells receive a similar dose, is the ideal state for the
purpose of biological dosimetry. Such a state is, of
course, rarely encountered, and most of the in wvivo
work that has been done relates to partial-hody or non-
uniform exposures, and it is here that the greatest dosi-
metric problems arise.

337. In the case of acute partial-body exposure. the
aberration yield in peripheral blood leucocytes will
depend upon a variety of factors. These include (a) the
amount of radiation energy deposited in that area of the
body that is exposed and the duration of the exposure;
{b) the area and volume of the body that is irradiated :
(c) the proportion of peripheral blood leucocytes that
are exposed to radiation and the time that they spend
in the irradiated area during exposure; (d) the propor-
tion of leucocytes (lymphocytes) in extravascular areas
within the exposed region: (¢) the amount of exchange
of lymphocytes between peripheral blood and the extra-
vascular pools: and (f) the time at which blood is
sampled after the radiation exposure. Since there is
evidence indicating that there is an appreciable exchange
of lymphocytes between the blood vessels and extra-
vascular sites in the first few hours following irradia-
tion (paragraph 204). it is not yet possible to make
any reasonable estimates of physical dose from an
analysis of chromosome-aberration yields in partial-
body exposures.

338. The question of what is meant by dose, in
terms of biological effect or biological consequence, is
itself not very meaningfui in the case of partial-body
irradiation. This follows. not only because aberration
yields may be very much dependent upon the regions
of the body that are exposed, but also because aberra-
tion frequency cannot be related to any given somatic
effect. It should be noted, however, that the difficulties
encountered with the type of biological dosimeter under
discussion may be far less than the difficulties encoun-
tered with a point receiver measuring physical dose.
Studies on individuals who received partial-body expo-
sures at varying dose levels over similar regions (and
areas) of the body have. in all cases, revealed a strict
proportionality between physically measured skin dose
and aberration yield. However, it is not possible simply
to relate the aberration yield to skin dose and area or
region exposed, since, because of cell mixing. the
measured aberration yield varies with the time at which
blood is sampled in the first twenty-four hours after
radiation exposure.

339. It can only be concluded from this discussion
that, in the case of partial-body exposure, a great deal
more knowledge is required about the structure of the



populations (and subpopulations) of small lymphocytes
and about the distribution. mobility and longevity of
the cells before it is possible to equate an aberration
vield observed at any given time to the dose absorbed
in the lymphocytes. It should be noted that, in any
case, within the limitations of existing knowledge, any
given aberration yield in these cells can only be related
in physical terms to an “equivalent whole-body dose”.

340. It should be re-emphasized here that the diffi-
culties that confront us in the case of partial-body
exposure do not exist in the case of uniform whole-
body exposure. With uniform whole-body exposure,
there is no doubt that the yield of chromosome-type
aberrations in peripheral blood leucocytes can be used
as an accurate measure of dose received. In the case
of accidental. non-uniform. whole-body exposure, the
aberration frequency in peripheral blood cells can yield
but little information on the degree of non-uniformity
of the exposure but may more readily provide an
estimate of an “equivalent whole-body dose”.**® Care
should be taken to note, however, that dose estimates
require the use of dose-yield kinetics obtained in
in witro studies and possibly also information on the
form of the distribution of aberrations between cells.

B. ASSESSMENT OF RISKS

341, There is no new information about the estimated
frequency of aberrations induced in germ cells by
radiations and the consequent risk to individuals and
to offspring. These risks have been fully discussed
in the 1966 report,? and the only new point to add is
the preliminary observation of a possible association
between translocation and subfertility in the human
male. In this connexion, however, further data are
required before any real assessment can be made.

342. In somatic cells, information on the yields and
types of chromosome aberration does not as yet pro-
vide either a new approach to or a better estimate of
risk, except in one specific case. With existing infor-
mation, knowledge of chromosome-aberration yield in
peripheral blood leucocytes does not enable us to make
any quantitative statement regarding the risk of devel-
oping neoplastic disease. immunological defects and
shortening of life span, etc. As a consequence. no infor-
mation of clinical significance can be obtained from the
presence of aberrations. Little can. therefore, be added
to the statements on assessments of risk of somatic
disease that have already been made by the Committee
in its earlier reports. From the point of view of assess-
ing risks, the only direct use of the aberration yield
is when this is the only parameter from which a
“physical” estimate of the dose can be obtained. Clearly,
where physical dose estimates can be made, the aberra-
tion yield may serve as a valid supplement to the
physical data.

343. The exception mentioned in the above paragraph
relates to the association between chronic granulocytic
leukeemia and the presence of the Ph! chromosome in
cells of the bone marrow. The presence of such an
abnormal chromosome in bone-marrow cells is, apart
from one possible exception.*?® alwayvs associated with
a blood dyscrasia—in almost all the cases with chronic
granulocytic leukseemia and, in the others, with a
disorder such as polvcythaemia vera. It has not yet
been shown whether a Ph! chromosome can be ab-
served in bone-marrow cells prior to the development
of overt haematological disease. However. its presence
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in a bone-marrow cell of any irradiated individual must,
on present knowledge, be taken as indicating an ex-
tremely high risk for the individual of developing
leukmia, On the other hand, it should be stressed
that Ph!-like chromosomes have been observed in
single cells and in clones in peripheral blood lympho-
cytes and skin cells of irradiated individuals, but their
presence in such cells has not, to date, been associated
with any kind of neoplastic change.

C. RECOMMENDATIONS FOR FURTHER STUDY

344, Human cytogenetics is still a relatively new and
vigorously developing field. and it is evident that there
are large gaps in our knowledge both of the response
of human chromosomes to radiation and of the con-
sequences of radiation-induced chromosome aberrations
in human germ cells and somatic ceils. Some of the
more immediate requirements and questions that need
answering and some of the more general longer-term
problems that require further attention are outlined in
the following paragraphs.

345. Further studies should be undertaken on human
meiotic cells, particularly from the point of getting
better information on the frequency and possible genetic
consequences of symmetrical spontaneous aberrations
that cannot be detected in somatic cells.

346. A better understanding of the effects of culture
conditions on aberration yield in peripheral blood
leucocytes should be achieved, the aim being to develop
a standardized technique for interlaboratory use so that
standard coefficients for the yields of the various aber-
ration types can be obtained.

347. Further in vitro studies on the effects of dose
rate and exposure time with radiations of low LET
and on the relative efficiencies with which aberrations
are produced by radiations of different quality should
be made.

348. Very much more information is required to
define to what extent there exists a range of sensitivity
to aberration induction in a human population and
regarding the influence of age on response. These
studies can be carried out by measuring the response
of blood cells to in vitro exposures.

349. Further work should be undertaken on the
relation between in wizo and in witro responses, includ-
ing studies on laboratory mammals and. where pos-
sible, on humans exposed to extracorporeal radiation
treatments.

330. Further information is needed on the influence
of various patterns of non-uniform radiation exposure
and a better understanding required of the lymphocyte
populations in the body, their distribution. age struc-
ture and turn-over.

351, Further data on the rate of decline of aberra-
tion yield with time following exposure under a variety
of radiation régimes should be acquired. Attention
should be devoted, in this respect. not merely to long-
term changes occurring over periods of weeks, months
or years after exposure. but to changes that occur in
the first few hours and days. Consideration should also
be given to the importance of immune response and
other possible factors in such work.

352. Where possible, the utmost effort should be
made to obtain data from individuals undergoing uni-
form whole-body irradiation.




333. Further work on the qualitative and quantita-
tive differences between aberrations induced by chem-
ical and infectious agents in relation to ionizing radia-
tions and studies on the response of peripheral blood
leucocytes (and bone-marrow cells) to radiation whilst
in the § and G- phases of the cell cycle should also be
undertaken, since current information on chromatid-
type aberrations induced in these cells is minimal.

354. Future advances in all aspects of population
cytogenetics will be greatly facilitated by the introduc-
tion of automation into the processes involved in cyto-
genetic analysis. In the case of surveys of populations
exposed to mutagens that induce chromosome abnor-
malities, although a considerable amount of valuable
information will continue to be obtained through con-
ventional methods, automatic systems should provide
poweriul tools for the cvtologist, and their development
should be fostered.

355. A continued effort should be directed at
attempts to relate both yields and types of chromosome
aberrations to specific somatic diseases. In this con-
nexion, follow-up studies on individuals exposed to
radiations are desirable, and continued studies of irra-
diated individuals possessing Ph'-like chromosomes and
other clonal changes in their proliferating cells are es-
sential.

356. Further studies on the possible relationship
between the incidence of aberrations on the one hand
and neoplasia on the other, both in man and in experi-
mental animals, are required. In this connexion, it
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should be pointed out that there is no direct informa-
tion whatsoever on a possible synergistic interaction
between oncogenic viruses and radiation-induced
chromosome damage. Experimental attack on this prob-
jem is now possible,

357. There is an absolute dearth of iniormation
relating radiation-induced aberrations to biological end-
points. It should, therefore, be emphasized that the
existence of clones of cells containing abnormal karyo-
types in the skin, bone marrow and peripheral blood
leucocytes of individuals previously exposed to radia-
tion now offers an opportunity for detailed metabolic
study on a wide variety of chromosomally aberrant
cells. In this context, human-animal hybrid cells#®- 420
may provide a useful tool. Such studies will provide
valuable genetic information as well as information on
the detrimental effects to be expected from certain kinds
of aberrations.

358. A follow-up of the studies indicating a possible
difference in the i wvivo response of lymphocytes to
chromosome-aberration induction in different laboratory
mammals should be made.

359, Further studies on the radiation response in
different tissues and the radio-sensitivity of different
cell types, together with the possibility of utilizing
materials other than blood cells to measure aberration
yields, should be carried out.

360. Studies on the frequency, types and conse-
quences of constitutional chromosome anomalies in man
should be continued.




TAsLE I. FREQUENCY OF DICENTRIC ABERRATIONS IN ‘“NORMAL" SUBJECTS NOT EXPOSED
TO RADIATION OTHER THAN ROUTINE DIAGNOSTIC EXPOSURE

The forty-seven individuals in column ¢ were patients with ankylosing spondylitis, and the samples were taken prior 1o any
therapy, but shortly after the individuals had received diagnostic radiation exposures, The thirty-cight individuals in colwmn b
were individuals from a general population and served as controls for population ¢

Ishihara Evans Bloom Court Brown?ot Sasaki
Norman and an liss an
Authors ct al, 108 Kumatorit Speedis Norman® ct al. a b c Miyata®2!
Number of individuals in sample ............ 23 20 200 ? 94 438 38 47 11
Number of cells scored ............ ... ... 5,784 2875 2,400 2,295 8,847 12,420 1,060 2,269 9,510
Number of dicentrics ubserved ............... 0 0 0 0 0 7 0 3 2
Frequency of dicentrics per cell .............. <lin <lin <lin <lin <lin <lin <lin <lin <lin
5.8 x 103 28x10% 2.4 %103 2.3 x 103 8.8 x 103 1.8 x 103 1x108 0.76 x 103 4.7 x 103

TAULE II. PH\'SIC/\L DOSES AND ESTIMATED DOSES BASED ON YIELD OF DICENTRIC ARERRATIONS
IN PERIPHERAL LEUCOCYTES IN BLOOD CELLS OF PATIENTS227

0F1

A—Exposed to one passage through a 905r-80Y extracorporeal irradiator

B—After several passages through the irradiator

Total dose estimated
Ffrom dicentric aberration

y ! cal d er ce
pliyescal doe trad) Frean e tdanets” <"

A In vitro studies: blood sampled after a 4502 440-490

single passage at a flow rate of 3.0 to 5652 510-565

157 ml-min ... i 295a 245-310

148a 115-175
B In wivo studies: blood sampled immedi- 120v 145¢
ately after a four- to eight-hour extra- 120b 180«
corporeal drradiation ... ... 0.l 240v 230¢

# Physical dose calculated on the basis of flow rale and volume of blood passed through ir-
radiator,

b Physical dose cstimated on the basis of blood volume, flow rate and duration of irradiation,

< Estimated dose based on frequency of dicentric aberrations in 200-300 metaphase figures in
blood leucocytes immediately after completion of irradiation,




TasLe 111, ABERRATION YIELDS FOLLOWING A SINGLE PARTIAL-BODY EXPOSURE OF

ANKYLOSING SPONDYLITIS PATIENTS 70 X RAYS (230 kV)16

A cells—Undamaged cells
B cells—Celis containing chromatid-type aberrations

C, cells—Cells with unstable chromosome-type aberrations (rings, dicentrics, fragments)

C, cells—Cells with stable chromosome-type aberrations

A cells

Time of Ring plus
.. sampling B3fodal Non-modal B celis Cucells Cs cells dicentrics Fragments
Sain post-  Total
. dose cxposure  cells Per Per Per Per Per Per
in rads in hours anslysed  No. No. cent No. cent No. cent No. cent No. cont No. cent
100 0 300 256 13 43 22 7.3 6 20 3 1.0 3 1.7 2 0.7
24 300 266 8 27 14 4.7 5 1.7 7 23 3 1.0 2 0.7
150 0 400 349 14 3.5 16 4.0 13 3.3 8 2.0 8 2.0 7 1.8
24 500 408 18 36 30 6.0 32 64 12 24 20 4.0 13 26
200 0 250 205 12 48 11 44 17 6.8 5 2.0 15 6.0 5 20
= 24 300 240 7 23 21 7.0 27 9.0 3 17 16 5.3 13 4.3
250 0 300 218 8 27 33 11.0 24 8.0 17 5.7 11 3.7 14 4.7
24 300 221 7 23 30 10.0 32 10.7 10 3.3 20 6.7 20 6.7
300 0 400 319 14 35 14 3.5 41 10.3 12 3.0 28 70 19 48
24 330 240 23 6.6 13 3.7 67 19.1 7 20 35 157 27 7.7
700 24 100 29 29.0 30 30.0 18 18.0
TaBLE IV. ABERRATION YIELDS FROM SEVEN PATIENTS EXPOSED TO SINGLE WHOLE-BODY
DOSES OF X RAYS (2 MeV)16
A cells—Undamaged cells
B cells—Cells containing chromatid-type aberrations
C, cells—Cells with unstable chromosome-type aberrations (rings, dicentrics, fragments)
C, cells—Cells with stable chromosome-type abzrrations
A cells B cells C. cells Cscells Rings plus Fragments
Time of dicentrics
sampling Modal Non-modal
bost- Total
Dose in  exposure  cells Per Per Per Per . Per Per
rads in hours analysed  No. No. cent No. cent No. cent No. cent No. cent No. cent
IAO).‘
control 700 618 45 6.4 27 3.9 5 0.7 5 0.7 2 0.3 3 04
0 600 489 38 6.3 27 45 31 52 15 25 16 27 18 3.0
25 24 600 499 31 5.1 30 3.0 23 38 17 28 16 2.7 11 1.8
0 800 632 56 7.0 26 33 61 7.6 25 31 37 4.6 27 3.4
50 24 800 637 34 4.3 28 3.5 76 9.5 25 3.1 53 6.6 29 3.6
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TABLE V. FREQUENCIES OF DICENTRICS PLUS RINGS IN PERIPHERAL BLOOD CULTURES TAKEN
IMMEDIATELY, OR TWENTY-FOUR HOURS AFTER, WHOLE-BODY EXPOSURE OF PATIENTS
70 2 MEV X RAYS AT THE DOSES INDICATED21

Case fgtol‘fﬂd Control afl;,:r”::g;‘:xgt tzrial.:at:eﬁt
number (rad) (190 cells) (200 cells) (200 ceils)
1 25 1 5 3
2 25 0 2 8
3 25 0 9 5
4 25 0 6 7
3 25 0 8 4
6 25 0 3 3
7 30 0 4 15
8 50 0 14 14
9 30 3a 10 15
10 50 1 9 9
11 50 0 11 15
12 30 1 9 Vid
13 17 0 2 1
14 28 0 1 4
15 36 0 5 7
16 40 0 8 7

® One cell, containing a dicentric and a tricentric, has been scored as three dicentrics.
b Seven rings and dicentrics in seventy-five cells analysed.

TABLE VI, DICENTRICS PLUS RINGS FOLLOWING in wifro AND in vivo (WHOLE-BODY) IRRADIATION

Sampling Culture Dicentric
Radiation Dose R time time plus rings
Authors quality in rads Irradiation in hours in hours per cell
a1 25 oo - 0.065
rans212 . - ,
Evans?12 .. .. ... .. 240 kV xrays 50 i vitro 54 0.15
Gooch et al®® ... .. ............. 250 kV x rays gg in vitro 72 gg?g
25 0 0.029
or 25 .. 24 - 0.025
271 ? + -~ TN
Langlands ¢t al22 . ... ... 2 MeV x rays 50 n vivo 0 33 0.05
50 24 0.07
- 2
Mouriquand ef al138 ... . ... .. ... 160 kV x rays g(:’] in witro 72 gg‘ga
Norman and Sasaki®™0 .. ... ....... 1.9 MeV x rays 30 in vitro 30 0.014
25 .. - 0.009
230 220 kV X ray 2 "2
Vander Elst et al230 ., ... ..., 220 kV xrays 50 in vitro 7 0.021
Visfeldt242 ... ... ... .......... ~ 60Co \rays 50 in vitro 48 0.02

TasLe VII, FREQUENCIES OF DICENTRICS PLUS RINGS PER CELL IN PERIPHERAL BLOOD LEUCOCYTES
AT VARIOUS INTERVALS AFTER EXPOSURE OF INDIVIDUALS TO MIXED GAMMA AND
FAST NEUTRON RADIATION (CULTURES GROWN FOR SEVENTY-TWO HOURS; OBSERVED

NUMBERS IN PARENTHESES)

Time after exposure

Estimated

Casc dose (rad) 29 monthsie 42 monthsi® 7 years™s
A 365 0.01 (1) 0.04 (4) 0.02 (2)
B 270 0.01 (1) 0.02 (2) 0.03 (3)
C 339 0.166 (24) 0.02 (2) 0.018 (2)
D 327 0.04 (9 0.023 (2) 0.07 (2)
E 236 0.013 (1) 0.03 (3) 0.05 (5)
F 68.5 0 0 0
G 68.5 0 0 —_
H 228 0 0.01 (1) —

No dicentrics or rings were observed in 300 cells from control individualsi?®
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BOjax ATIAETHUECKOTO 0OKeaHa 1 ero Mopeit
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B anpeie-nioie 1964 r.

[9:)

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189
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O 3aTpA3HeHNN PacTHTEIHEOCTH NPOIYETA-
MH JeJICHHA TSKEIRX JAfEP.

Haronienne nCEycCTBENHHIX PafHOBYE:IH-
IOB Ha 3eMHON mHoBepxmocTH B paifioHe T.
JermaTpaga B 1954-1965 T,

Brmanenne npogykToB JeleBRs B OKpecT-
HocTAx JennErpaja B 1957-1965 rr.

Hceaeposanne pagnoakTHBHOTO 3aTPs3He-
HHS BOAH HEKOTODHX BOZOEMOB .JlemmH-
rpafckoff obracts n CeBepo-3amagHOro
6accetina CCCP B 1961-1966 1T.

Pacmpeneienne pagnOAaKTHBEHX H CTa-
ONJbEHIX H30TONOB I[EIOYHKX H IEX0YHO~
3€MEJIhHHY DIEMEHTOB B HAJ3eMHHX Opra-
Hax celbCcROX03SHCTBeRHHX pacTeRni,

O Bamsnnn NPHPOTEEX YeIoBHf Ha comep-
‘aHHe T paclpefeieHNe PagHOARTHBEOTO
CTPOEHNS B [IOYBEHHOM HOKpPOBeE.

Pacnpenenenne PaTHOARTHBHOI0 CTPOHINA
B IOYBAX PA3IHYBHX NDHPOJHEX 30H.

PesyinraTir ompemenennss crpoHmua-90 B
Boxax Imapuficroro oreana B 1962 r.

Crpornuit-90 B BoOJOEMAX COJOHOBATOBOZ-
HOTO H mpecHOBOZEOro THHA (1966 T.).

HegoTopHe acmerTH TEaHeBOfl T03HMETPHA
pagna-226.

Jo3mierpuyeckiie XaparTepHCTHRE HHKOD-
HOpPHPOBAHHOIO Me30TOpHA-228,

HeroTopue pagHamAoOERO-THIHEENYECKHE
ACHOeKTH MHKPOKIHMATA CTpOeHEE.

PagnoakTiBEOCT TRAHefl :KATeIcH 0TAETL-
HHX paliono Cosercroro Comwaa.

Crarucriyeckiie TrapaMerpH o0MeRa Iie-
314-137 r100aILEOT0 NPOHCXOEAEHHA ¥
xaTexeft Aprriuecknx pafiosos.

Crponmuii-90 B KOCTHON TEaEH HaceieEHA
Copetcroro Comwaa.

Tiesmit-137 B opramusye wutedeit r. Mock-
BHL.

IHocTtynaerne crpormua-90 # nesHa-137 ¢
IHIIEeBKM PalHOHOM HacedeHNR COBETCEO-
ro Cowsa B 1963-1966 IT. B pesyipTaTe
cTpaTocepHEHX Bmagenull, u

Josxr o0ayuemus maceremus CCCP or
crpaToceplx BEmagenufi B 1964-1965
IT.

OcoGennocTH Murpaggn riobaibEOTO He-
30A-137 N3 JepHOBO-NOJ30INCTHX Iecda-
HHX II04YB N0 ONIEBHM LEIOYEAM B Opra-
HI3M YelaoBera.

YpoBHI cofepEannsg TI.i100aJpBEOIO0 ueans-
137 B opragusMe Jfelf pasamuHLX IPYON
RODEHHOro BaceleHrs Hememkoro manuo-
HAJBHOTO OKPYTa B 1965 r.

OcroBHRe HTOrH paIlamioHBO-THTHeHHYe-
CROX HccaeJ0BaRIH MEIPANI T300aAbHHIX
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Bunajennfi B mpnapkTiudecknx pafiomax
CCCP B 1959-1966 IT.

CrpoBmufi-90 n motomirfi-210 B ROCTAX K-
Teieft kpaftaero Cesepa B 1965 r.

Ilccaegoranie pacnpocTpaHening pajuoas-
TIBHOTO 3arpsAsuennd, 00yCJOBANBAEMNOTO
cOpOCOM DajHOAKTUBEMWIX 01%070B B lip-
JaHacKROe MODE.

PagnoaxTiBHOCTD ATMOCYIEPHOrO BO33¥Xa H
HeKOTOPHX NPOIYKTOB UHTAHIA B T. MOCK-
Be B 1965 i 1966 rr.

Cozepwanie nesusn-137 nm xaaa y Hacele-
ung CCCP B 1962-1966 rr.
UxN1oN oF SovIET SocIALIST REPUBLICS

Crponuuii-90 B BOZOPOCILX, TBETKOBHX
pacTeBHAX, MOIII0CKAY, PaKO0OPasHEX X
pubax Ueproro mopg (1965-1966 rr.).

IMesu#t-137 n cTpoHmnii-90 B THJIEHAX |
OxgaEHYeckux phifasx.

Ompeeneniie KORNEETpPaImMi kagyuig-109 B
IIpH3ENHOM BO3ZYXE H BHIIAZENNAS B HERO-
Topex uymkrax Coperceoro Cowosa B
1964-1966 rT.

Mertoguka pacuera H OUpefeleHne K03
BHEMHET0 00JyYeHHs OT TFaMMa-H3Iydam-
IEX B yMepernHoM 1oAce CeBepnoro moay-
mapusa B 1962-1965 1T.

IIpornos ypommell o0.ayuenis ROPENHEX
ixnredelt Kpafteero Cesepa 3a ¢uer HHROP-
TIOPHPOBRHHOF0 I1002JIbHOI0 Iesna-137.
CogepxaEne cTpOROHA-90 B TI100aJbHEHI
BETAJEHIAX Ha TEPPHTOPHH YkpaHnHCKofl
CCP B 1963-1966 rT.

Cio0atnHEe BHINAACHIA CTPOHOHA-90 EHa
TeppuTOpUN Ypana B nepuog 1961-1966 rr.

YpoBHN  PagHOAKTHBHOTO 3arPASHEHHSA
TIPH3EMHOTO a0 ATMOCHEpH 1f IOBEPIHO-
CTH 3€MTI NMPORYKTAMH SAEPHHS B3PHBOB
B 1963-1965 rr. B ITogMocEOBbE.

CpaBBenHe pe3yibTaToB HaMepennit aTyo-
ceprux BHnagzennii crpoEmua-90 B pas-
HEIX CTpaHax.

Itacy

Data on environmental radioactivity col-
lected in Italy, January-June 1965.

Data on environmental radioactivity col-
lected in Italy, July-December 1965.

UNITED STATES OF AMERICA

Fallout program quarterly summary re-
port, January 1, 1968, HASL.-184.

Appendix to HASL-184.

Berciun

La retombée radioactive mesurée a4 Mol.
Année 1966. Rapport R.2429.

SWEDEN

Irradiation induced asymmetry of the thy-
mus in mice.
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1208

1209

1210

1217/Add.1
1218

1222

The radiosensitivity of offspring of an
irradiated mouse population. II. The
effects of acute or fractionated doses of
X-rays on male ofispring.

Ux~1tED KINGDOM

Assay of strontium-90 in human bone in
the United Kingdom. Results for 1966,
Pgaﬁrt IT with some further results for
1965.

MEexiIco

Analisis radioquimicos en muestras am-
bientales en Mexico durante 1966.

Unrrep KiNgpoM

Radioactive fallout in air and rain: results
to the middle of 1967. Report AERE-R
5575.

SWEDEN

Protective effect of cysteamine at frac-
tionated irradiation. II, Shortening of life
span.

FAO/IAEA

Dietary levels of strontium-90, caesium-
137 and iodine-131 for the years 1965-68,
Second interim report covering period
1.1.65-10.2.68.

AUSTRALIA

Todine-131 concentrations in Australian
milk resulting from the 1967 French nu-
clear weapon tests in Polynesia.

Fallout over Australia from nuclear weap-
ons tested by France in Polynesia during
June and July 1967.

UNITED STATES OF AMERICA

Atmospheric burnup of a plutonium-238
generator.

Fallout program quarterly summary re-
port, April 1, 1968. HASL-193.

Appendix to HASL-193.

Environmental gamma radiation from
deposited fission products, 1960-1964.

AUSTRALIA

Strontium-90 in the Australian environ-
ment during 1966. Suppl. for January-
June 1967 attached.

ItaLy

Data on environmental radioactivity col-
lected in Italy (January-June 1966).

Data on environmental radioactivity col-
lected in Italy (July-December 1966).

AUSTRALIA

Concentrations of caesium-137 in rain-
water and milk in Australia during 1966.




Document No. Country and title Document No, Country and title
1223 Strontium-90 and caesium-137 in some DENMARK
Australian drinking water supplies—1961- 1239 Strontium-90 in human bone. Denmark
1965. 1964-1967.
SWEDEN_ ) . Unxrtrep Kixgponm
1224 Pathologic effects of different doses of 5 L. L. .
%Sy in mice. Development of carcinomas 1240 Radioactive fallout in air and rain—re-
in the mucous membranes of the head. sults to the middle of 1968.
Fraxce UNITED STATES OF AMERICA
1225 Premier bilan de sept années de I'CCh.CI'- 1241 Fallout program quarterly summary re-
che sur les niveaux de la contamination port, 1 January 1969. HASL-204.
du milieu ambiant et de la chaine alimen- 2 . ’
taire par les retombées radioactives sur 1241/Add.1 Appendix to HASL-204.
le territoire f is. Rapport SCPRI
If;a ﬁrsl owe lfranea PP Uxiox oF Sovier -SociaList REPUBLICS
DENMARK l1 .;:.2 ,]E;HQ)(I)Y3H§{ cTpoHIHA-90 B oyBax,
- . HOJOTHYECKAs MHTDANHA PaJHOHYEIHIOB
22 .
1226 I&ow dose X xrrad_xahgn and teratogenesis. B IPECHOBOTHKX 1i COI0HOBATOBOTHEX BO-
A quantitative experimental study, with
! JoeMax.
reference to seasonal influence.
1244 Crponiuii-90 B kocTHOH TEanH HaceleHNSA
UNITED STATES OF AMERICA Cosercxoro Cowsa (1957-1967 rr.).
1227 Fallout program quarterly summary re- 1245 IToerynnerse cTpoEmuA-90 K mesHa-137 ¢
port, July 1, 1968. HASL-197. TIINEBHN PAmAOHOM Hacedenio CoBercko-
1227/Add.1 Appendix to HASL-197. ro Cowsa B 1966-1967 IT. » pesyasrate
cTpaToclepHHX BHAZEHHI,
Ux~itep Kinepom 1246 MarenaTiueckoe onHcaHue JHHAMHEH HPO-
1228 Annual report, 1967, ARCRL 18. neccoB PaTHOAKRTHBHOIO 3arPsA3HEHHA MOp-
CEHX OPI2HH3MOB H3 BOTHOH cpejHL.
UN1TED STATES OF AMERICA 1247 3aK0HONEPHOCTH PAJH0IKOIOIHUECKHT IPO-
1229 Terrestrial and freshwater radioecology. IeccOB  KOHIEHTPHPOBAHHA B MOPAX M
A selected bibliography. TID-3910, OKeaHnax.
Suppl. 3. 1248 Cogepxagne cTpoHmNA-90 m me3ns-137 B
1230 Chromosome aberrations in leucocytes of HEROTOPHIX 00BerTax BEEIIHelt CpejH H B
older survivors of the atomic bombings of oprannae Inofeft B 1958-1967 Ir.
Hiroshima and Nagasaki. 1249 CrpatocdepHrle BHIIAZEeHHSA DAAHOAETHB-
1231 Variation in the human chromosome HHLX TIPOAYETOB ARCPHAIY B3PHBOB Ha Ma-
number. TEPREH H OREAHH B YMEPeHHHX ITHPOTAX
2 L . . ceBepHLX HoZymapHi.
1232 Lens ﬁnd‘mg? n atomic bomb  sury Tvors. 1250 DECNONeRTHAILHNS HCTOURHE KAK MOJedb
1233 Spleen shielding in survivors of the atomic PajHOAKTHBHKX 3arpA3HEHH}H MOYBHL
bomb. ) ] 1251 Tpex- I 4eTHpexkaMepHas MOKeIb Mera-
1234 Leukemia in offspring of atomic bomb 00a13Ma He3Hs y KPHC H 4el10BeKa.
] SUrvivors. 1252 HeEkoTOpHe 3ak0HOMEPEOCTH 3arpASHEHIA
1235 Fallout program quarterly summary re- 00BEKTOB BHEUIHeH cpefH cTPORINEN-90 B
port. HASI.-200, October 1, 1968. 1epHoy cTpaTociepHLX BEMagenuii,
1235/Add.1  Appendix to HASL-200. 1253 O MeToxnke HCCTefO0BAENA MOBEiEHHS pa-
AHOAKTIBEOTO CTPOBUMSA B HOYBAX Pas3iHy-
SWITZERLAND HHIX TeOXHMIYeCKHX JAEIMa(TOB.
1236 11. Bericht der Eidg, Kommission zur 1234 PafiiopKOAOTHUECKHe TPOIECCH NakoIie-
Uberwachung der Radioaktivitit fiir das HHSL 1 JUBaMIEH BOAHHYX Macc B MOPAX H
Jahr 1967 zuhanden des Bundesrates. OKeaHaX.
. 1255 Heroropre n3MeHeHHA B JBHraTeibHOMN
Uxr1TED S.-r..\n;s OF AMERICA cepe y auid, DPAadOTANMIX B YCIOBHAX
1237 Cytogenetlc study. of the offspring of XPOHIIYECKOT0 JY4YeBOT0 Bo3gelicTBHA.
atomic bomb survivors. 1256 Xapakrep pacnpejelemns means-137 mo
1137/Add.2 Health and Safety Laboratory Manual of TIy0nHe TNOYBH B HeROTOPHX paiionax Co-
standard procedure, NYO-4700. Revised BeTckoro Comaa B 1966-1967 rr.
pages, August 1968. 1237 KonuenTpanmns mesis-137 B Bo1ocax 9ea0-
1238 Effects of ionizing radiation from the Beka Kak HHTHEATOP KOAMUYECTBA 3TOTO

atomic bomb on Japanese children.
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Document No.

Country and title

Document No.

Country and title

1258

1259

1260

1261

1262

1263

1264
1264/
Add.1

1265

1266
1267

1268

1269

1270

BepruxaisEoe pacnpefelenue H ONEHKA
TOABHAXHOCTH HPOAYKTOB AZEPHHX B3PHBOB
B HeKoTOpHX THHax rogs Coerckoro Cow-
3a.

Paguoverpiyecras yeTaHOBES 114 oOpege-
JeHnd cofepkamusg cTpoENUA-90 B MOp-
cxofi BoTe.

Iloaoenii-210 B opranE3Me H OKpyAapmeti
cpege.

CocTognue HepBHOI cHCTeMH ¥ feTeli B OT-
JaJeEHHE CPOKH T10C.1e aYY4eBOro Bosgeil-
CTBHAL.

Oceganne paJHOAKTHBHON NHJIH O ee yaa-
JeHue H3 aTMOCEpH OCATKAMH.

0 BO3MOKEOCTH Bpejeoro AeficTeHA HOHH-
3EPYDIIAX NM3IyYeHHH B MaJHX J03aX HA
dymxonu speiolt uemATpaibHOlt HepBHOH
CHCTEMEL.

O neficTBEH HOHN3NPYPOIEAX H3AYYEeHHH Ha
HEPBHYI cHcTeMy weaoBexa, JacTs 1.

O geficTBHI NOHHSHPYIIIHX H3IyYeHHH HA
HEPBHYI0 CHCTEMY ueioBeka, JacTb 2.

UNITED STATES OF AMERICA

Cytogenetics of the in-utero exposed of
Hiroshima and Nagasaki.

Lung cancer following atomic radiation.
Breast cancer after exposure to the atomic
bombings of Hiroshima and Nagasaki.
AUSTRALIA

Strontium-90 in the Australian environ-
ment during 1967,

France

Radioactivité naturelle de 250 sources
hydrominérales francaises, SCPRI N°
117.

BerciuM

La retombée radioactive mesurée a Mol.
Rapport d’avancement du Département
“Mesure et Controle des Radiations”,
année 1967. Rapport R. 2468,
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1274

1278/Add.1

1279

1280

1281

InDIA

Atmospheric and precipitation radioacti-
vity in India.

Ux~itep KiNgpoM

Assay of strontium-90 in human per-
manent teeth in the United Kingdom
1963-1965.

The accumulation and retention of stron-
tium-90 in human teeth in England and
Wales—1959 to 1965.

FAO/IAEA

Dietary levels of strontium-90, caesium-
137 and iodine-131 for the years 19635-68,
CZECHOSLOVAKIA

Values of ®Sr in vertebrae and in femoral
diaphysis of adults in Czechoslovakia in
1968.

FrRANCE

Retombées radioactives a la suite des tirs
nucléaires en Polynésie (Années 1967 et
1968).

UNITED STATES OF AMERICA

Strontium 90 yield of the 1967 Chinese
thermonuclear explosion.

Health and Safety Laboratory fallout
program quarterly summary report,
1 April 1969. HASL-207.

Appendix to HASL-207.

Foop AND AGRICULTURE ORGANIZATION

Soil calcium maps of Africa, South
America and parts of Asia.

UxNITED ARAB REPUBLIC

Strontium-90 levels of fallout and of
food diet in U.A.R. during the year 1968.

Levels of potassium and caesium-137 in
man in U.A.R. during year 1968.



Annex E

LETTER SENT AT THE REQUEST OF THE COMMITTEE BY ITS SECRETARY TO STATES MEM-
BERS OF THE UNITED NATIONS AND MEMBERS OF THE SPECIALIZED AGENCIES AND OF
THE INTERNATIONAL ATOMIC ENERGY AGENCY ON 30 APRIL 1968

Sir,

I have the honour to inform you that the Scientific
Committee on the Effects of Atomic Radiation, which
was established by the General Assembly at its tenth
session, has completed its eighteenth session during
which it has reviewed, among other things, the in-
formation that it currently requires to assess levels of
radiation resulting from nuclear tests,

The Committee noted that in the past it had received
from a number of countries a large amount of informa-
tion on radio-active contamination of the environment
from nuclear tests. It expressed its appreciation of
those comprehensive survey data that have greatly
assisted it in its evaluations, Although there are large
areas of Africa, South America and Asia, encompassing
nearly two thirds of the world population, from which
information has been fragmentary, nevertheless the
Committee has been able to make reasonable estimates
of the average exposure of the world population.

However, to guard against the possibility that popu-
lation exposures in certain areas, and therefore their
contribution to world-wide population averages, may
have been underestimated owing to lack of informa-
tion, the Committee felt that it would be valuable to
have some measurements of bone contamination in a
few selected locations. Extensive surveys in these areas
are not needed for the assessment of the average world
population exposure, but more information on environ-
mental transfer mechanisms would be useful for esti-
mating local exposures in possible future situations of
environmental contamination,

For those areas from which most of the information
has come, the general principles governing the transfer
of radio-active material to man through food chains
are now better understood than when the last request
for measurements was made by the Committee in 1960.
In the past, radio-active contamination has been largely
by direct deposition on the above-ground parts of
plants, but rates of deposition of the radio-active ma-
terial are now relatively small and, unless large-scale
atmospheric testing is resumed, the future mode of en-
try of long-lived nuclides into food chains will mainly
be by root absorption of the deposit accumulated in
the soil. Opportunities for quantitative study of this
mechanism, as well as of the behaviour of long-lived
radio-nuclides in the soil, have been limited in the
past, and the Committee expressed the hope that sur-
veys would continue in the future to provide informa-
tion on this problem.

The Committee considered that this information can
be obtained from surveys conducted in only a limited
number of countries where agricultural practices and
dietary composition are representative of those of a
wider area. and recommended that those countries
which have reported surver data on contamination of
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both diet and human tissue since 1961 or earlier con-
tinue to do so in the future. The measurements needed
by the Committee are, as before, the total amounts of
individual long-lived nuclides in food and human tissue,
levels of external radiation from deposited radio-
nuclides and levels of contamination by short-lived nu-
clides in food.

The Committee’s specific requirements on continuing
survey measurements are the following

(@) The Committee's estimates of the total amount
of individual nuclides in the atmosphere and in soil
have so far been based on the results of two continu-
ing world-wide surveys. The Committee expressed
the hope that the results of these surveys would still
be available to it in the future,

(b) With regard to levels in food, the Committee
requires the results of measurements of Sr% (in
pCi/g Ca and pCi/kg) and Cs!¥ (in pCi/g K and
pCi/kg) contamination in dairy produce, cereals
and vegetables. The Committee also expressed in-
terest in obtaining a few representative measure-
ments of the levels of stable strontium in the same
food-stuffs.

(¢) Tissue levels include (i) body contents of
Cs!3 and (ii) Sr%/Ca ratios in the skeleton. As
it is anticipated that the distribution of Sr? in adult
bones will become more uniform in the next few
years, the Committee recommended that intercom-
parisons of contamination levels in various types of
bone and in whole skeleton be made more regularly
than hitherto. The Committee also noted that an
increasing number of persons were now entering
adult life who had been exposed to Sr?® contamina-
tion during their growing years and in whom the
distribution of Sr? within the skeleton will be dif-
ferent from those who have only been exposed as
adults. The Committee therefore recommended that
the results obtained from adults should be reported
separately for those between twenty and thirty years
of age and for those older than thirty in 1967, and
that for the next few years results for children
should be presented by years of age up to four years
and as a group from five to nineteen years. Because
of its importance in assessing the long-term behaviour
of Sr® in the human body, the Committee would
also be interested in obtaining measurements of
stable strontiwm in bones of both juveniles and
adults from those populations where comparable
data for diet are also available.

(d) Levels of external radiation from deposited
radio-nuclides have been recorded continuously at
a few sites, and the Committee recommended that
these recordings be continued and that other measure-
ments making it possible to improve the accuracy




of estimates of external gamma doses from Cs!3°
and short-lived nuclides should also be made.

(¢) The Committee has a continued interest in
levels of I*3! in milk and vegetables because of the
high concentration of iodine in the thyroid gland.
relative to other tissuss, and of the resultant local
radiation doses, which can be of particular impor-

calcium contribution to the diet is from cereals such
as rice and maize, or from pulses and nuts. The
Committee believes that one effective way of carrying
out such a limited collection of samples is by agencies
within the United Nations system and by existing
national laboratories,

The Committee emphasized that it had ou:lined the

information at present required for its own purposes
only and noted that its requirements might need a
further revision if massive injections of radio-active
material into the atmosphere through nuclear tests
were to be resumed, and that the requirements would
in any case be revised as soon as sufficient additional
knowledge accumulated.

tance in iniants and children,

(f) The Committee is also interested in data on
other internal emitters in local areas, when these
emitters make a substantial contribution to radiation
exposure from environmental contamination.

The Comumittee's requirements on information from
areas not covered by continuing surveys are as follows:

Limited investigations only, rather than continu-
ing surveys, would be adequate for the purpose of
obtaining information from those areas of the world
from which data are yet scant. Measurements of Sr®°
in bones from selected areas need to be carried out
only once in the near future., The areas of greatest
interest to the Committee are those where the main

Accept, Sir, the assurances of my highest considera-
tion.

(Signed) Francesco SELLA
Secretary

United Nations Scientific Committee
on the Effects of Atomic Radiation

163



APPENDIX I

LIST OF SCIENTIFIC EXPERTS, MEMBERS OF NATIONAL DELEGATIONS

The scientific experts who took part in the preparation of the present
report while attending Committee sessions as members of national delegations

are listed below.

ARGENTINA

Dr. D. Beninson (Representative)
Dr. A. Placer

Dr. E. Ramos Zabarain

Dr. E. Vander Elst

AUSTRALIA

Mzr. D. J. Stevens (Representative)
Dr. R. Motteram

BELGIuM

Professor J. A. Cohen (Representative)

BraziL

Professor L. R. Caldas (Representative)
Professor C. Pavan (Representative )

CANADA

Dr. G. C. Butler (Representative)
Dr. J. D. Abbatt

Dr. W. E. Grummitt

Dr. J. B. Sutherland

CZECHOSLOVAKIA

Dr. V. Zeleny (Representative)

FRANCE

Professor L. Bugnard (Representative)
Professor M. P. Avargués

Dr. A. Benazet

Dr. R. B. Coulon

Proiessor J. W. de Grouchy

Dr. M. H. Dousset

Dr. H. P. Jamumet

Professor J. Lejeune

Professor P. Pellerin

INDIA

Dr. A. R. Gopal-Ayengar (Representative)

Jaran

Dr. K. Misono (Representative)
Dr. K. Tsukamoto (Representative)
Professor Y. Hiyama

Dr. R. Ichikawa
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Dr. T. Ishihara
Professor E, Tajima

Mexico

Dr. M. Martinez-Baéz (Representative)
Dr. F. Alba-Andrade

Dr. A. Léon de Garay

Dr. R. Gonzilez Constandse

SWEDEN

Proiessor B. Lindell (Representative)
Dr. L. J. G. Fredriksson
Dr. A. Nelson

UNION OF SOVIET SOCIALIST REPUBLICS

Professor A. M. Kuzin (Representative)
Mr. G. Apollonov

Professor A, Gus'kova

Dr. I. L. Karol

Dr. A. A. Moiseev

UNITED ARAB REPUBLIC

Dr. M. E. A, El-Kharadly (Representative)
Dr. K, E. A. A, Mahmoud (Representative)

Unitep K1NGDoM oF GREAT BRITAIN
AND NORTHERN IRELAND

Dr. E. E. Pochin (Representative)
Mr. K. B. Dawson

Dr. W. G. Marley

Dr. R. S. Russell

UNITED STATES OF AMERICA

Dr. R. H. Chamberlain (Representative)
Dr. A, M. Brues
Dr. H. D. Bruner
Dr. C. L. Dunham
Dr. E. Furchtgott
Dr. J. H. Harley
Dr. W, Haymaker
Dr. D. J. Kimeldort
Dr. J. Rivera

Dr. F. Rosenthal
Mr. G. C. Spiegel
Dr. J. G. Terrill
Dr. C. A. Tobias
Dr. P. C. Tompkins




Appenpix I

LIST OF SCIENTIFIC EXPERTS WHO HAVE CO-OPERATED WITH THE COMMITTEE IN THE
PREPARATION OF THE REPORT

Dr. P. J. Barry Dr. T. J. Leith
Dr. R. Berger Dr. J. Liniecki
Dr. K. Edvarson Dr. P. C. Nowell
Professor H. J. Evans Dr. F. Sella

Dr. E. 1. Komarov Dr. A, B. Tsypin
Professor B. Larsson Dr. K. Zakrzewski
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