UNITED NATIONS

REPORT OF THE
UNITED NATIONS
SCIENTIFIC COMMITTEE
ON THE
EFFECTS OF ATOMIC RADIATION

GENERAL ASSEMBLY
OFFICIAL RECORDS : THIRTEENTH SESSION
SUPPLEMENT No. 17 (A/3838)




NOTE

Throughout this report and its annexes cross-references are denoted by a letter
followed by a number: the letter refers to the relevant technical annex (see Table
of Contents) and the number is that of the relevant paragraph, Within each technical
annex, references are made to its individual scientific bibliography by a number
without any preceding letter.

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




Annex G
MAMMALIAN SOMATIC EFFECTS

TABLE oF CONTENTS

Paragraphs
1. SHORTENING OF THE LIFE SPAN IN EXPERIMENTAL ANIMALS

The experimental effect of single doses on short-term survival.. 1

Theacute LDy ..o i iet ittt eiieenaes 8
Acute effects in single organs. ........oovi ittt 9
Recovery from whole-body exposure ........... ... . ... 10

The experimental effect of single doses on long-term survival... 11

The experimental effect of chronic exposure on long-term
SUrvival ... i e 14

Article: “Shortening of life by chronic irradiation: the experi-
mentdl facts”, by R. H. MoLE

JI. LIFE SHORTENING EFFECTS IN MAN . . uiuettrrenenennansnennns 16

III. CANCER IN MAN

Letukemia N Man. oo ie s e erreennaceneaerossnaneannes 27
Atom bomb survivors in Hiroshima.......c.ovvvvieeanven, 28

Article: “Leukemia in Hiroshima City Atomic survivors”, by

NIEL WALD 4ot e et ieveeeteananernneaesassoaneonns 33
Leukemia in radiclogists ....covvvinvinieiiiiiiiiiiaia 34
Leukemia inchildren ....ovvvivrienniiiinrienenrnneens 35

Leukemia after X-ray therapy for ankylosing spondylitis. ... 40
Theoretical considerations for estimation of radiation hazards 47

REFERENCES

153



1. SHORTENING OF THE LIFE-SPAN IN
EXPERIMENTAL ANIMALS

The experimental effect of single doses
on short-term survival

1. The short and long-term effects of whole-body ex-
posure to a single dose of radiation have been studied
in a variety of mammals. When “survival time” (dura-
tion of life after exposure) is studied as a function of
radiation dose, the results with all species have shown
fundamental similarities that may be illustrated here
with the data of a hypothetical experiment.

2. The plan and results of the hypothetical experiment
are shown in table I and figure 1. The animals were
young adult males, 100 days old on irradiation. They
were of a species with a relatively short life span of
24 years. Slightly different results would be obtained
with females. Greater effects per unit of radiation dose
would be obtained with immature animals or with sick
animals,

3. The mortality-time curve (figure 1) illustrates
three major periods:

(a) The acute period lasting about one month, for
which the LD, is 600 rem;

TABLE I.

(&) The intermediate period whose duration of 1.5-2
years depends on the radiation dose, and during which
practically no deaths occur;

(¢) The terminal period during which the population
dies out rapidly.

4. Long-term somatic effects develop during the inter-
mediate period and some of them become ‘limiting
factors” for survival in the terminal period. The com-
plete quietude of the intermediate period indicated in
figure 1 is therefore misleading—the intermediate period
is, in fact, a period of increasing morbidity. The rate of
increase may be slow or fast, depending on the radiation
dose and also on various biological factors, many of
which are predetermined genetically.

5. The long-term decrease in life-span, illustrated in
figure 1, is dealt with quantitatively in the sixth column
("Days") of table I. The decrease is not proportional to
the acute mortality (column 4). The decrease can also
be expressed as a percentage of the normal life span
(column 7), which in the present experiment was 900
days. It is useful to express life-shortening in per cent
of normal life span for purposes of comparing results
of experiments involving species that differ in life-span.

HYPOTHETICAL EXPERIMENT

The animals (males, 100 days old) received a single whole-body exposure on experiment-
day 0. The table records the doses given to the various groups, and the resulting changes in

their median life-spans.

Number of Long-term decrease in
Iive animals Medicn survival life-spon
Group Rad: time imals
dose alive on day 30 Per cent of
rem Day 0 Day 30 days Days» control®
) S 0 100 100 800 —_ —
2 i 300 100 100 710 90 10
K 500 160 82 650 150 17
4. i 600 100 50 600 200 21
- A 700 100 11 530 270 30
6......... 800 100 0 — — —

» The difference between the datum for group 1 (800 days) and the data for other groups

in column 5 (median survival time).

b The life span of the controls (group 1) was 900 days.

6. The dependence of biological effect on radiation
dose is illustrated in figure 2. In the case of acute mortal-
ity (deaths within thirty days of exposure calculated
from table T, column 4), the dose-effect curve shows a
threshold—the first deaths occur somewhere between
300 and 500 rem. In the case of the long-term decrease
in life-span (per cent of normal life-span) the course
of the curve as drawn does not show a threshold and
indicates that even at the smallest radiation doses there
is some decrease in life-span (see paragraph 11).

7. Biological effects not only depend on radiation dose
“but also on dose rate. In the hypothetical experiment, the
animals received a single dose at 50 rem/min. The same
results would have been obtained with dose rates of 5
or 300 rem/min. Below 5 rem/min., however, the effect
per unit dose diminishes. In the case of acute mortality,
it does so relatively rapidly. It may do so quite differ-
ently in the case of the various kinds of late injuries,
including those shortening the life-span.

The acute LDy,

8. Recent determinations of the acute LD,, (single,
whole-body exposure) for mature mammals are given in
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table 1I. Values for immature and senescent animals
would be lower than those tabulated. It has been pointed

TABLE II. ACUTE X- AND GAMMA-RAY LDso
OF MATURE MAMMALS®
Number of
Species LDse (rads) determinclions

SWINE. . vttt 190-310 4
Goat. i i 240 1
Dog..ooiiiie i 240-320 6
Man. ..ot 300 (?) 0
Guinea pig.....coovvecenanannn 380490 3
Monkey....oovviviiennnenennn 520 1
Mouse.....ovviiiia e 520-670 7
Hamster...................... 590-800 3
Rabbit.........coveviintn 680-750 3
Rat....oiiiiiiiiii i 790-820 2

* The original reports are listed in reference 1. All doses are
estimates for the middle-longitudinal axis of the animal under
conditions of approximately homogeneous soft tissue dose dis-
tribution. The dose rates ranged from 5-60 rads/min. The LDso
is that dose killing half the animals within 30 days of exposure.
Almost all of the deaths occur within three weeks.
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Figure 1. Hypothetical experiment—Cumulative mortality after a single whole-body exposure.
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out! that the values fall into two groups. Those for the
“larger” mammals are in the range 200-300 rem; those
for the “smaller” mammals are in the range 400-800 rem.
The only monkey listed (M. mulatta) falls into the
“small” animal class. The estimate for man is close to the
determinations for the guinea pig and dog, suggesting
that studies with these species may be of special impor-
tance. It is to be noted, however, that the figure for man
is speculative.

Acute effects in single organs

9. A very great number of somatic effects have been
described that occur within hours, days, or several weeks
of irradiation. Doses as low as 5 rem, for example, have
a measurable although brief effect on the mitotic index
of the skin of mice.? In the range from approximately
25 to 200 rem, simple gquantitative relations between
somatic effect and radiation dose have been demonstrated
in such organs as the lymph node, spleen, thymus, testis,
and intestine,® using both microscopic and gross methods -
of examination (e.g., weighing). In these examples, res-
titution occurs relatively quickly, during the course of
some days or weeks, and often seems complete.

Recovery from whole-body exposure

10. When two or more exposures instead of one are
employed, some restitution occurs during the interval(s)
between them. One method to study the rate of restitu-
tion is to give a non-lethal dose on day 0 and to determine
the LD;, on various days thereafter. Suppose that the
LD,, of unirradiated animals is 600 rem, Furthermore,
suppose that after 300 rem on day O the LD, is:

(6) 300 rem on day 1;
(b) 450 rem on day 2;
(¢) 600 rem on day 8;
(d) 600 rem on day 20.

It may be concluded therefore that acute recovery from
300 rem was complete by day 8, since by then the LD,
had returned to “‘normal”, and half-complete by day 2.
Experiments of this type (table III) have shown that the
rate of recovery depends on genetic factors, and there-
fore varies with the strain and species of animal* The
rate also depends on the magnitude of the dose—large
doses may, so to speak, inhibit the recovery process
per se.

TaBLE III. TIME FOR 50 PER CENT RECOVERY
FROM A SINGLE WHOLE-BODY EXPOSURE TO X-RAYS®
50 per cent
R Number of X-ray dose recovery lime
Animal strains (rem) (days)
Mouse
Young................ 1 260 7.4
Adult.. ... ...l 6 200-400 1.6-3.0
Adult................. 1 600 12.0
Rate...ooveeuiuninnn. .., 2 310 4.9 and 8.5
Hamster................. 1 320 6.1
Monkey (M. mulatta). . ... 1 260 4.8

. * Recovery measured under the particular conditions described
in paragraph 10. The original reports are listed in reference 4.

The experimental effect of single doses
on long-term survival

_11. Data on life-shortening in mice and rats after a
single whole-body exposure to X- or gamma-rays at the
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time of puberty or young adulthood are summarized in
figure 3.° The radiation dose is expressed as a percentage
of the acute LD, e.g., a dose of 300 rem is called 50
per cent if the acute LD;, is 600 rem, In the various
experiments, the LD;, (in r) varied from 500 to 800 r.
The curve fitted to the points in figure 3 is on the as-
sumption that life-shortening is directly proportional
to dose. For mice and rats it appears that hife is shortened
by about 10 per cent following a “25 per cent dose”.
The curve drawn through the points in figure 3 runs
straight to the origin, indicating that radiation decreases
the life-span no matter how small the dose may be. It is
to be noted that the figure only suggests this conclusion,
but does not prove it.

12. The data in figure 3 are based on exposure in
youth or early adulthood. Comparable data for exposure
during middle age or old age are not available.

13. It is known from clinical as well as laboratory
evidence that partial-body exposure decreases the life-
span much less than whole-body exposure (when the
effects of roughly similar doses in rads are compared).
There is a paucity of information, however, concerning
the quantitative dependence of the life-span on (a) the
region or organ irradiated and (b) the absorbed dose.
The data from an experiment of this type are given in
table IV.® More information of this kind is needed.

TABLE IV. DECREASE IN LIFE-SPAN—
PARTIAL AND WHOLE-BODY X-RAY EXPOSURE
COMPARED IN THE MOUSE®

Medicr Significanily
survival time different
Dose after exposure from control
Region exposed (rem) {days) (P g 05
Control......ovevviieanns 0 676 —
Entire animal............. 530 582 Yes
Entire chest............... 720 646 No
One-half chest............. 570 654 No
andcaudal................ 1140 591 Yes
2cm. of trunk ............. 1700 525 Yes

» Female mice, 170 days old when irradiated. With the doses
employed there were no acute deaths. Data from reference 6.

The experimental effect of chronic exposure
on long-term survival

14. The experimental literature on the shortening of
life by chronic exposure to radiation, and its bearing on
the maximum permissible dose for man, are discussed
in the article by R. H. Mole,” presented in its entirety
following paragraph 15. Among other details, the report
considers whether a threshold dose exists below which
the life-span is unaffected. The report finds the evidence
equivocal. A significant conclusion might be established
for animals if very great numbers of them were used in
such experiments. The report points out, however, that
even if such a conclusion were established, its applica-
tion to the human case would require a theoretical basis
to justify such an extrapolation. Such justification is
lacking at present.

15. Of the experimental groups referred to in para-
graph 14, two (mouse, guinea pig) that received less than
1 rem per week lived a greater total number of days than
their respective controls. In a more recent experiment®
with Sprague-Dawley male rats exposed throughout
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Figure 3. Life shortening (percentage) in mice and rats after a single, whole-body exposure

to X- or gamma-rays.

The dose is expressed as a percentage of the acute LDs. The figure is

taken from reference 5 where the original reports are listed.

adult life to 0.8 r/day of Co® gamma-rays, the median
survival times were as follows:

Survival time (days)

Temperature of

environmens Control Irradiated
P 240 305
25° Gt e 460 600

Although there were only twenty-two animals per group,
the differences between the irradiated and control groups
were consistent throughout the course of the experiment.

SHORTENING OF LIFE BY CHRONIC IRRADIATION :
THE EXPERIMENTAL FACTS* BY R. H. MoLE

Medical Research Council Radiobiological Research Unit
Atomic Energy Research Establishment
Harwell, Berks., England

It is probably true to say that more is known of the
biological effects of radiation than of any other environ-
mental hazard except bacteria. Certainly the chronic
toxicity of no chemical substance has been investigated
as thoroughly as the chronic toxicity of whole-body ir-
radiation by penetrating gamma-rays or fast neutrons.
The incentive has been obvious: the very large industrial
hazard during the war-time development of the atom
bomb, and afterwards the increasingly widespread risk
associated with the remarkable development of atomic
energy as a source of industrial power and of a unique
series of military weapons. Chronic toxicity experiments
in the strict sense must cover the whole life-span of the

* UN document A/AC.82/G/R.113; also published in Nature
180, 456-460, 1957. For table 1, figures 1 and 2, and bibliography
referred to in this article, see immediately following the article.

157

experimental animal and thus take years to carry out,
even with the relatively short-lived laboratory mouse.
The results of war-time work in the United States have
become generally accessible in the past few years’-® and
work carried out in this laboratory is just beginning to
be published.® A brief survey of the experimental results
relating to shortening of the life-span may provide a few
facts in a field of current general interest and perhaps
raise the academic question of how the results of chronic
toxicity experiments, as such, may be generalized—a
question which needs an answer before they may be
used to help solve the practical problem of setting safe
limits to the environmental exposure of man to ir-
radiation.

Experimental methods

Daily irradiation has been given to animals in a variety
of ways, for details of which the original reports should
be consulted.’-” The more important experimental fea-
tures are summarized in table I. There are two important
differences between the experimental arrangements of
Henshaw et al.® and Evans® on one hand, and those of
Lorenz et al.* and of this laboratory on the other. In the
first two sets of experiments, the animals had to be
transferred individually each day from their living cages
to the irradiation boxes and back again, and each daily
dose of radiation was given in a few minutes. In the
second two sets of experiments, the animals were irradi-
ated in their living cages, undisturbed by additional
handling with its accompanying traumatic effects, and
the daily dose of radiation was spread over 8-24 hours.
In general, the experimental animals were examined



daily and the time of death noted. Post-mortem examina-
tions to determine tumour incidence and the cause of
death were usually made, but the experimental reports
differ very greatly in the detail with which these findings
are given. For this reason, and since shortening of life-
span is often considered the most sensitive experimental
index of the toxicity of chronic irradiation, survival-time
is the only experimental end-point considered here.

Results and their interpretation

By chronic irradiation is meant daily irradiation five,
six or seven days a week at dose-levels which allow sur-
vival for at least six months. All the experiments on
chronic irradiation for the duration of life which have
ever been carried out, so far as is known, are referred to
in table I and, where possible, shown in figure 1. The du-
ration of life of an irradiated group of animals has been
expressed as a proportion of its corresponding control
and plotted against the weekly dose of radiation on a
logarithmic scale. The results from this laboratory are
shown in black symbols. They provide the first direct
experimental comparison between gamma-rays and fast
neutrons for chronic irradiation, where the dose of fast
neutrons was measured in terms of energy absorbed in
tissue. The relative biological efficiency factor for the
fast rllgutrons used as compared with cobalt gamma-rays
was 13.

This factor has been applied to the other two fast-
neutron experiments, where the fast-neutron dose was
measured in arbitrary units and where a somewhat un-
certain conversion factor (table I) has to be used for
estimating the tissue dose. In this way the results of all
the experiments with fast neutrons as well as those with
gamma-rays from other laboratories have been plotted,
using open symbols, together with our own results in
figure 1. The agreement, when mice were used as experi-
mental animals, is remarkable, and suggests, in spite
of the various uncertainties in the comparisons, that
chronic irradiation shortens the life of mice in a repro-
ducible manner.

It should be noted that there are eight experimental
points at weekly doses of less than 10 r. or its equivalent
in neutrons, and that the duration of life in none of
these experimental groups was significantly different
(P > 0.05) from its control.

The experimental results have been put down as they
were obtained. More sophisticated analyses of some of
these results have been made elsewhere.!:3:%91° The pur-
pose of such analyses has usually been to find some regu-
larity in the results which would allow extrapolations to
daily doses smaller than, and to species other than, those
used experimentally.

Curve fitting

Three curves have been fitted to the mouse data and
are shown in figure 1.

(1) The straight line which provided the relative bio-
logical eficiency factor of 13 from our second experi-
ment (Neary ez al,, I, table I) is clearly a good fit to its
results, and is also reasonably close to the only experi-
mental group in our first experiment with a markedly
decreased survival-time. The simplest interpretation of
such a linear relation is that there is a threshold of be-
tween 1 2nd 2 r. daily below which no shortening of a
mouse’s life will be produced by daily irradiation. This
may be considered confirmed by the repeated experimen-
tal failure to find a demonstrable shortening at weekly
doses of less than 10 r. (see above). Considering the na-

ture of the data, it would be difficult to have a clearer ex-
perimental demonstration of the existence of a threshold.

(2) The biologist, almost as a reflex, attempts to fit
a Gaussian curve to quantitative data. Such a curve is
shown as a dashed line in figure 1, and clearly fits all the
experimental data very well. The meaning of the fit at
weekly doses of less than 10 r., where none of the points
differs significantly from the base line, is less clear.

(3) Boche (1946, 1954)* suggested that shortening
of life-span was proportional to the total accumulated
dose,

t-t, = kdt
where t and t, were the mean life-spans of irradiated and
control animals, d was the daily dose of radiation and
k was a constant. This curve (k = —0.04 for gamma-
rays) is shown in figure 1 as a dotted line, which also
fits all the experimental points very well.

Curves 1 and 2 are empirical ; curve 3 has some claim
to a theoretical basis, the idea that the bigger the total
dose of radiation the bigger the effect, that is, the shorter
the mean life-span. For daily exposures which kill in
less than six months, however, the converse is found to
be true.**** This is not as paradoxical as it may seem,
once the importance of recovery processes is appreci-
ated ; but it makes data on the effects of high daily doses
(on shortening of life by much more than 50 per cent)

. of little value in helping to decide which is the best of
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several curves, each purporting to describe the effects
of low daily doses.

Curves 2 and 3 are clearly so close together that over
the experimentally determined range they cannot be dis-
tinguished. (The possibility that this algebraic similarity
has a much wider biological significance is being investi-
gated.) Each curve appears to fit all the points better
than the straight line of curve 1, but this may be a spuri-
ous consequence of experimental uncertainties. In two
experiments the exact conversion factor from arbitrary
units of fast neutrons to rads is unkown (see above)
and factors numerically different from those used (table
T) but just as plausible (see literature) would make the
fit look less good. There seems to be no intrinsic reason
why different mouse strains should behave identically,
and the curvilinear arrangement of the experimental
points may merely reflect differences of strain and
of dose.

Each of the second two formulations indicates that
there is no absolute threshold for shortening of life by
chronic irradiation. The apparent threshold suggested
by curve 1 may be thought of either as an absolute or as
an effective threshold, depending on whether shortening
of life is considered in proportional or absolute terms.
If time is necessary for the effects of daily irradiation
to show themselves, and if this time is longer the lower
the daily dose, then an effective threshold must be
reached at a dose-level which takes longer than the life-
span to produce its effect. If so, each species would be
expected to have its own threshold, and the longer the
natural life-span the lower this would be. The only rele-
vant experimental data are those of Lorenz et al.® on
chronic irradiation of guinea pigs and these are included
in figure 1. The effect of 1.1 r daily was possibly greater
than in mice (though still not significantly different from
its control) and the apparent threshold possibly a little
less. The difference in life-span between mice and guinea
pigs is probably not large enough to decide the point,
and in an event there are no confirmatory data for guinea
pigs as there are for mice.




The data for guinea pigs do show that species differ-
ences occur. Boche! suggested on, admittedly tenuous
evidence, that the constant k (curve 3) is at,, where a is
the same for all mammals. If this were true, the mouse
data should not agree so well, since t, for the different
mouse strains differed. If the mean mouse t, is 600 days,
@ = 7 x 10-° (rather different from Boche’s own esti-
mate), and this has been used to construct the theoretical
curve for guinea pigs (at, = —0.09 curve 3, figure 1) ;
the fit to the experimental points is poor.

Nature of the experimental material

In any event, too much should not be read into the
results because of the nature of the experimental ma-
terial. First, the results have all been expressed in terms
of mean survival-times. This is really a rather unsatis-
factory parameter to use, as may be seen from figure 2,
which illustrates the shape of the mortality curve of
normal control female CBA mice. The shape of the
human mortality curve in the more materially advanced
human civilizations is similar, but that of mice with a
high spontaneous incidence of leukemia may be very
different.*!* The mean survival-time and its statistics
are markedly affected by the occasional early deaths and
no great precision in mean survival-time can be expected.
A small decrease in mean survival-time could occur
either because of a small increase in the frequency of
earlier deaths or because of a small reduction in life-span
of the upper two quartiles. In fact, an analysis of cause
of death in relation to duration of life is imperative in
order to see whether irradiation decreases life-span by
increasing the frequency of particular causes of death
which kill earlier than the average, or merely by making
all causes of death kill at an earlier age.®

Second, the nature of a chronic toxicity experiment
usually, if not invariably, makes it impossible to ran-
domize treatments and to ensure that the only difference
between experimental groups is the treatment being in-
vestigated. For example, if animals are arranged at dif-
ferent distances from a source of radiation, the animals
will occupy different parts of a room for their whole
lives and it will be impossible to be sure that environ-
mental temperature, humidity, degree of air movement
and other relevant factors possibly not even thought of
are exactly the same for each different dose-group. Thus
the differences in, say, mean survival-time between dif-
ferent groups, will be due to the differences in radiation-
level plus any other relevant environmental differences.
This is not just a theoretical point. Differences of the
order of 5 per cent in the mean survival-time of female
CBA mice have been found during the past few years
not only between different “lots” of controls but also
between two sets of randomly chosen controls kept, so
far as could be, in the same environment but some 20
feet away from each other.® The apparent increase in
survival-time at the lowest daily dose used by Lorenz
et al.* (figure 1) may well be due to the fact that the
animals at this dose-level were kept without air condi-
tioning in a different room from all the other groups,
including the controls. Such variability is to be expected
by the biologist, but it should also enjoy caution in extra-
polation of the results of analysis of intrinsically in-
exact data.

Replication on a sufficiently large scale, though often
completely impractical, could overcome this particular
difficulty. In fact, however, replication is almost com-
pletely lacking from the experiments listed in table I.
The logic of experimentation is that experiments are

repeated and give the same result. Yet with the exception
of a still unfinished investigation,’® no one concerned
with duration-of-life irradiation experiments has ever
repeated his experiment even once—ifor which there are
perhaps understandable reasons. The nearest to repeti-
tion so far has been the two experiments carried out in
this laboratory,%** where although the same mouse strain
was used the radiation doses were different. From this
point of view the value of figure 1 is to demonstrate that
an experiment has been done, that is, that the same result
has been obtained several times over.

Lastly, it should be pointed out that in all the experi-
ments considered here irradiation has been for the dura-
tion of life. This may not be the most appropriate experi-
ment to carry out, Recent,®%1% as well as older 6
evidence has shown that, in some circumstances at least,
not all radiation is of equal value, the first of a series of
daily doses having proportionately greater effects in
shortening life and inducing leukemia than the later
daily doses. This is presumably one aspect of the time
factor; time is needed for the effects of irradiation to
develop to the point where biological damage can be
detected,’>'*?" and/or the reactivity of the biological
object may change with age.!* But if the phenomenon is
true of weekly doses of less than 50 r., which has not yet
been demonstrated, formulae which give equal weight to
each of a series of doses as Boche's, cannot be properly
extrapolated. Further, if at relatively high daily doses
much of the radiation is wasted, so far as producing an
effect is concerned,’* then an observed linearity of re-
sponse against total dose (curve 3, figure 1) may imply
a decreasing ability of radiation to harm as the daily
dose decreased.

There has also been very little work yet on the problem
of whether the effect of chronic irradiation is altered
by changing the distribution in time of, say, a constant
weekly dose. The data of table I and figure 1 suggest that
it matters little whether a daily dose is given in a few
minutes or spread out over many hours; but other as
yet uncompleted observations'*'? suggest that the de-
layed effects of irradiation may depend as much on the
way the irradiation is given as on the total dose. In
these experiments there was no wasted radiation: on
the contrary, as much time as possible was allowed for
the full development of any damage that radiation may
have caused. Such experiments may give a relation be-
tween shortening of life and dose of radiation very
different from those shown in figure 1, and indeed this
might well be anticipated by anyone aware of the normal
complexity of biological phenomena. Dose-response
curves should not be extrapolated without fully realizing
the nature of the experimental material on which they
are founded.

Possibilities of extrapolation

It should first be emphasized how unusual it is to pay
any attention to the ends of a biological dose-response
curve. Normally, the aim of the biologist is to work in
the middle ranges and, if irregularities appear at the
ends, this is regarded as just to be expected, not neces-
sarily deserving investigation.

The current maximum permissible level of radiation
for occupational exposure of man, 0.3 r. weekly (Recom-
mendations of the International Commission on Radio-
logical Protection), is indicated in figure 1. Extrapola-
tion suggests that this dose-level would shorten the lives
of mice by nil, 0.02 or 0.2 per cent, depending on which
of the three curves described earlier is taken to be
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correct. As already shown, the experimental data on
chronic irradiation at low doses are not sufficiently exact
to distinguish between the curves, and the adequacy of
fit at high levels of irradiation seems quite irrelevant.
Thus the value of any attempt at extrapolation must
depend on whether there is some theoretical reason for
preferring one mathematical form to another. When this
question 1s settled, there is the additional problem of
extrapolating from one species to another.

One principle of selection often used nowadays in
general discussion on radiation as it affects mankind, and
at first sight self-evidently sound, is to take the most
pessimistic assumption suggested by experiment or
theory for the relation between dose and effect. Lorenz®
used a very similar criterion when discussing the effects
of daily irradiation on the difficult tissues and organs of
different species. He concluded that man should be con-
sidered to be as sensitive as that species of animal found
experimentally to be the most sensitive. Clearly this is
no absolute criterion; as the range of species examined
is widened, the apparent sensitivity of man must de-
crease. A consistent use of this criterion would involve
denying the possibility of chemotherapy, or of selective
killing by pesticides. It does not seem realistic to maxim-
ize pessimism as a means of choosing the best dose-
response curve.

The most plausible reason for thinking that species
differences among mammals in their reactions to irradi-
ation are likely to be smaller than in their reactions to
chemical agents is that the penetration of radiation into
cells is not affected by the series of permeability barriers
which every chemical agent has to pass before reaching
the site of its action.® The uniformity of the acutely
killing dose for all mammals gives supporting evidence.
However, the chronic toxicity of radiation would be ex-
pected to depend on a balance between the continuing
damage produced by the radiation and the ability of the
irradiated animal to keep pace with the damage by repair.
The ability to repair and its rate must depend on many
of the structural and metabolic features which distinguish
strains and species, and, for this reason, strain and
species differences in the dose-response curves far
chronic irradiation might be expected. Some of the ex-
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perimental facts can best be understood in this vs‘ray.G

An alternative view is to assume that the chronic tox-
icity of radiation is due to processes where repair of
damage does not occur, like genetic mutation. It may
then be plausibly argued that the genetic material of all
mammals is very similar, both physically and chemically,
and that therefore dose-response curves will in general
be the same for all species. Such a view would suggest
that damage should be proportional to total dose, as in
Boche’s formula (curve 3, figure 1), and would be
consistent with the somatic mutation theory of carcino-
genesis and the fact of carcinogenesis by ionizing radia-
tion. But there are difficulties in the way of equating
damage and total dose, as already suggested, and really
very little evidence in support of the mutation theory of
carcinogenesis. The theory is an easy one to accept; but
even with the most recent advances in technique its
testing seems almost impossible to envisage. However,
in the experimental animal there is no simple relation
between carcinogenesis and dose of radiation, and for
mouse leukemia there is good evidence of the great im-
portance of an indirect mechanism.'* Moreover, the
experimental evidence suggests that radiation shortens
life apart from inducing cancer, and this is not easy to
understand in terms of mutation.

If the results of animal experiments are to be carried
over to man, there must either be very good evidence
that all mammals behave alike, or sufficient human evi-
dence of similarity with experimental animals to inspire
confidence in the process of filling the human gaps from
animal experience. It will at least be generally agreed
that experimental dose-response relations which cannot
satisfactorily account for all experimental results are
scarcely worth applying to the human case. In the ab-
sence of a satisfactory theory, it seems pointless to
expend the enormous experimental effort required to
define the relation between daily dose and life-span for
mean survival-times of 95 per cent and more of the
control: it is only in this region that extrapolation to
man is of any particular interest.

T would like to thank my colleagues for allowing me
to make use of unpublished material.
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182Ta G r. 6 minutes V [CF! ? 440 820 Median~
Henshaw et cl (ref. 3)..... Graphite N r. (2.0) 6 minutes A (females only) Median
reactor
Evans (ref. 2)........... Cyclotron N N (25) 5 minutes [ {CSF\:iss w25 0 Mediw
Lorenz et al. (ref. 4)...... Radium G r. 7 8 hr. 0 LAF_ i 52-85 703 240 Mean
Neary et al. I (ref.6)...... Graphite N rad 6-7 16~24hr. W CBA 7595 780 500 Meade
reactor
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Neary et al. 11 (ref. 13)...{ reactor 45-75 818 320 Meane
Co r. 7 24 hr. ) CBA
Thompson ef al. (ref. 16).. ©®Co G r. 7 24 hr., 4+  Rats (Sprague- 90-120 585 424 Mean
Dawley, fe-
males only)
Lorenz ¢t al (ref. 4)....... Radium G r. 7 8 hr. X {Gu(xhn;;%)gs 137-196 1,372 112 Mean

» Mean survival times calculated from data provided by Hol-
laender and Stapleton (1948, personal communication) have been
used in fig. 1.

b Mean survival-time of the two strains combined were also
reported and have been used in fig. 1 because standard errors
were also given. However, irradiation stopped when 8~30 per cent
of an experimental group was still alive, so that the mean survival
times include variable proportions of radiation-free time.

< There were real sex differences in control life-span and pos-
sibly also in the effects of irradiation. The data have been pooled
to make them comparable with those of the other authors.

The data of Henshaw (ref. 7) have not been included because
the mean life-span of his controls was less than a year. The data
of Boche (ref. 1) have not been included for a variety of reasons:
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II. LIFE SHORTENING EFFECTS IN MAN

16. Data were examined relating to the mortality of
medical specialists in order to learn if those exposed to
X-rays had a shortened life-span. In one extensive
analysis? utilizing the mortality data for specialists 35-
74 years of age who died during 1938-1942, the mortality
ratio was calculated for each specialty. The mortality
ratio is the ratio of the number of deaths observed to the
number that specialty would experience if subject to the
specific death rate calculated for all physicians. These
mortality ratios are given in parentheses in the last col-
umn of table V. It is seen, first, that specialists have a
lower mortality than physicians in general; the specialist
mortality ratio is only 0.78. Secondly, the various spe-
cialties appear to have different mortality ratios, from
0.99 to 0.62.

17. The mortality ratios of the various specialties
were recalculated ?® using the death rate for all special-



ists instead of all physicians (table V). The ranking of
the mortality ratios by this method agreed with that of
paragraph 16. Eight specialties had mortality ratios
greater than unity, but in no case was the difference
statistically significant.

18. The extent to which repeated small exposures to
X-rays shorten the life of man is a matter of specula-
tion. In the past, radiologists were so exposed, but from
the mortality statistics it cannot be demonstrated that
the life-span of this group of medical specialists has been
shortened relative to that of other medical specialists™*
although this has been suggested.’? It is known, however,
that the incidence of leukemia is increased in these men.

ITI. CANCER IN MAN

19. Tt is generally agreed that the incidence of can-
cer* in man can be increased by exposure to ionizing
radiation. Quantitative data will be considered relating

* Cancer is a generic term and, as used here, includes leu-
kemia and all forms of so-called neoplastic or malignant disease.

the incidence rate of cancer to radiation dose and to time
after exposure. For introduction, the method of calcu-
lating the incidence rate and the influence of certain
variables on it will be discussed briefly.

20. The prevalence of cancer may be defined as the
number of cases per unit of population at a specified
time, e.g. 15 cases per 10,000 on January 13,

21. The cancer incidence rate R may be defined as
the number of new cases per unit of time and population
occurring during a specified interval of time, e.g., 5 per
10,000 per annum. Alternatively, it may be said that an
estimate of the probability that an individual in the
population will acquire a cancer equals 5/10,000 or 5 x
10~ per annum. R is an important statistic in the calcu-
lations to be made below.

22. The total effect of exposing a population to radia-
tion is estimated in terms of the total number of cases,
N,, induced per unit of population. If the rate after
exposure is constant at R, and if prior to exposure it
was constantly R,, then (R—R,) is the number of extra
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TaBLE V. MORTALITY RATIO (ALL CAUSES OF DEATH) FOR MEDICAL SPECIALISTS
Rank Specialty Observed deaths Expected deaths Mortality ratios
1. Tuberculosis. .. coviiniii ittt it i e 43 34.2 1.26 (0.99)
2., Dermatology. cce i viiiniiiii e ettt e i e 60 (58)® 47.8 1.25 (0.98)
3. Roentgenology andradiology..........oovviiiiiiiininiiinannn 96 (1) 82.4 1.16 (0.90)
4. Anesthesiology........ciiiiiiiereriiiiiiiititenannnaeaaans 17 - - (0.88)
5. Orthopedic surgery, proctology, urology and industrial surgery. ... 199 179.1 1.11 (0.86)
6. Neurologyandpsychiatry,..........cooiiiiiiiiiiiennnnnnon. 142 133.0 1.07 (0.83)
7. Publichealth. ... ... it it i i iiierrecnnnnns 99 94.3 1.05 (0.83)
8. SUIBEEY - - et vttt e 360 346.7 1.04 (0.81)
9. Obstetrics and gynecology.....covriiri i iiiineennnennnss 112 116.3 0.96 (0.75)
10. Eye,ear,noseandthroat.........cooiiiiiiiiiniiennnnnnnnnns 502 523.4 0.96 (0.75)
11. Internal medicine and pediatrics..........oov it 378 423.6 0.89 (0.69)
12. Pathology and bacteriology...........coiiviiiiiiiiiiiaia,, 38 48.1 0.79 (0.62)°
ArL 2,046 1.00 (0.78)

s The ratio of (observed deaths in a specially at ages 25 to 74
years) to (expected deaths on the basis of age specific death rates for
all specialists, 1938-1942). The ratios were calculated from data
made available by Dr. M. Spiegelman. The figures in parentheses
are the published® mortality ratios for specialists based on the
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age specific death rates for all physicians (instead of all specialists)
at ages 35 to 74 (2,046 deaths). Note that the ranking of the
mortality ratios is the same for both methods of calculation.
b Omitting deaths from leukemia.
¢ Pathology only.



cases per unit of population per annum. In a period of

T years,
N:= (R—R)T (1)

Although simple in principle, the use of equation (1) is
somewhat difficult in practice. First, R is not a constant,
but varies with times. In general, exposure is followed
by an initial period during which few if any radiation-
induced cases occur. The duration of the initial period
may be shorter after large doses than after smaller ones.
Thereafter, depending on the particular cancer studied
and the nature of the population, there will be a second
period during which the vast majority of radiation-
induced cases occur. This period might last for five years
or for twenty-five. We are now only in the process of
lcarning what the duration of such periods may be.
Secondly, precise values of R, may not be available. In
the case of some kinds of cancer there is some evidence
that R, is changing relatively rapidly (e.g. leukemia).
For these, it would be necessary to estimate the changes
in R, as a function of time independently of the changes
in R. Thirdly, the numbers of radiation-induced cases
actually dealt with are very small, as will be seen below.

23. Having obtained a method for estimating N,, it
becomes feasible to investigate how N, depends on the
dose of radiation, D. Is Ny, for example, a simple linear
function of D, is it a non-linear function or is there a
threshold dose below which radiation is without effect?
Before attacking such a problem, it is important to note
that the same dose may result from a single exposure,
multiple exposures, or a long period of continuous ex-
posure. Such differences in dosage may lead to major
differences in the end results and therefore must be
explicitly dealt with when making comparisons or
extrapolations.

24. It is worth special note that the factor of time has
entered the problem in more than one way. In equation
(1) paragraph 22, there is the term T, often referred to
as period at risk. In paragraph 23, the role of time in
dosage is considered ; this may be referred to as period
under exposure. The period under exposure may last
for only a minute and thus be an insignificant fraction
of the years at risk. On the other hand, in the case of
long-lived isotopes, for example, the period under ex-
posure may be a matter of many years and thus partially
or even completely overlap the period at risk.

25. Constitutional factors are known to influence the
production of cancer in man. These include race, age,
sex, nutrition and other environmental and genetic in-
fluences. All of these factors have to be taken into
account in discussing the production of cancer in man
through exposure to ionizing radiation, especially when
comparing the effects in one group with those in another.

26. The total of all human data that can be used for
the quantitative analysis of cancer-induction by radia-
tion is meagre. For example, only sixty-eight cases of
leukemia are involved in the Hiroshima data of table
VII. It is important that full use be made of such
data while at the same time recognizing and giving due
weight to their limitations. In the case of the calcula-
tions, extrapolations and applications that follow, the
reader is urged to note the simplifying assumptions that
may have entered into the analyses, especially in regard
to the following items:

(a) Absorbed dose. In what organ is the absorbed
dose to be determined? If the dose is not uniform
throughout the organ, how shall it be averaged or other-
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wise expressed? Should the integral absorbed dose be
considered ?

(b) Temporal factors. What allowance, if any,
should be made for multiple or continuous exposure?
Is each successive year at risk of equal significance?

(c) Constitutional factors. What is the nature of the
irradiated population with respect to age, general health,
genetic constitution, etc.?

(d) Dose-effect curve. Is there a threshold? Is the
effect a linear or some other function of dose? Can a
factor be determined that will relate N . to D?

Leukemia in man

27. Demographic data relating the incidence of leu-
kemia to radiation exposure come from four population
groups whose exposures were either a hazard of war or
profession, or were incurred during diagnostic and
therapeutic medical procedures.

Atom bomb survivors in Hiroshima

28. The most recent information on the incidence of
leukemia in the Japanese survivors of the 1945 atomic
bomb is given in a report which is reproduced in para-
graph 33 below. From the condensed summary in table
VI of the Hiroshima data, it is seen that the incidence
of leukemia in the population exposed at 0-1,499 metres
from the hypocentre has been twenty times greater than
in the population exposed at 1,500 metres and beyond.
Thus at the end of 1957, N (0-1499 m.) = 5570;
N (> 1,499 m.) = 280. N is the total number of cases
per million persons present at the time of the explosion.
Taking the cases at 1,500 metres and beyond as a crude
estimate of the natural incidence of leukemia, the num-
ber of cases N, due to radiation may be estimated as
5,570 — 280 = 5,290, or in round numbers 5,300 per
million.

TaBLE VI. LEUKEMIA IN SURVIVORS AT HIROSHIMA,
1948-1957*
Number of casesb

Period of onset Total 0-1,499 I'bicoyen‘xlgd
194849 .o iiiiiii 12 8 4
1950-51. .. e 20 18 2
1952-53. 23 16 7
1984-55. .o i e 14 5
1956-57 . e i 11 5 6
ToraL: 1948-57 80 56 24
N (casesper 108)..........ccovuens 835 5,570 280
R (average of cases per year per 106)., 84 557 28

* Data from reference 13. The full report from which these
and the data of table VII were taken is ziven below.

510,051 persons were exposed at 0-1,499 metres; 83,768 were
exposed at 1,500 metres and beyond.

29. The data in table VT indicate that the biennial rate
of leukemia in the heavily exposed population reached
its maximum in 1950-1951 and has been declining since
then. If this tendency continues, practically all cases of
radiation-induced leukemia probably will have occurred
by 1960, within fifteen years of exposure, so that at
lease 80 per cent of them may be said to have occurred
already, within ten years of exposure. In these circum-
stances, the annual rate of leukemia taken by itself is not



TAaBLE VII.

LEUKEMIA INCIDENCE FOR 1950-37 AFTER EXPOSURE AT HIROSHIMA®

Distance from L Nb (Rodsasion-
tre Dose Persons (Cases of — (tolal cases induced cases P
Zone (metres) {rem) exposed leskemia) VL per 10%) per 10%) Nyfrem (No/10% ycarfrem)
A under 1,000 1,300 1,241 15 3.9 12,087 & 3,143 11,814 9.1 1.14X 10
B 1,000-1,499 500 8,810 33 5.7 3,746 &= 647 3,473 6.9 0.86 X 10-¢
C 1,500-1,999 50¢ 20,113 2.8 398 &= 139 125 2.5 0.31 X 10-¢
D 2,000-2,999 2 32,692 1.7 92 &= 52 —181 —90 —11X 108
E over 3,000 0 32,963 3.0 273+ 91 Control — _

* Based on data in reference 13. Prior to 1950 the number of
cases may be understated rather seriously.

b The standard error is taken as N (W.-/L).

a good index of the total radiation effect; it is the total
number of case N that should be employed as such a
measure.

30. Considering the exposed population by itself, the
segment that was closer to the hypocentre has had the
greater incidence of leukemia. However, the quantitative
relation between leukemia incidence in Hiroshima and
radiation dose is not yet known. Before such a relation
can be formulated it will be necessary to have better
estimates of the absorbed dose in rem than have been
available hitherto. The estimates must be made both for
the various dose zones in which the population was dis-
tributed, and, also, for every individual case of leukemia,
taking into account both its position within the zone and
the shielding immediately around it. Such work is under
way.,

31. None the less, using such data as were available,
estimates have been made of the potency of this bomb
radiation in causing leukemia.'* The exposed populations
of Hiroshima and Nagasaki were considered to have been
exposed in a number of zones for each of which a mean
dose was assumed. The extra probability of leukemia
occurring in an exposed person per rem and per year
elapsed after exposure was then calculated for the popu-
lation of each zone:

average extra number of new cases per year
(1948-1955)

P,
number of persons exposed X dose (rem)

In zones A (1,300 rem), B (500 rem), and C (S0 rem),
the values of P were calculated to be 0.9, 0.7, and 0.7 X
10-8, respectively. This finding was taken to support the
suggestion that the extra leukemia incidence is directly
proportional to radiation dose, and conversely, to argue
against the existence of a threshold for leukemia
induction,

32. P, might be used in estimating N,, the total num-
ber of extra cases of leukemia that follow a dose of
radiation. The average value of Py, in paragraph 31 is
0.8 X 10 based on statistics for the years in which the
leukemia rate is considered to be maximal, Taking 15
years to be the entire period of leukemia production
(period at risk), the total number of cases (per indi-
vidual exposed per rem) = 15 X 0.8 X 10¢ = 12 X
10-°, On this basis if each of a million persons receives
1 rem, a total of 12 extra cases of leukemia will eventu-
ally develop.

33. It is of interest to apply the above method to the
latest data on leukemia incidence in Hiroshima, using
the same zoning system and estimates of dose (table
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< It has been noted 15 16 that almost all cases of leukemia in
this zone occurred in patients who had severe radiation com-
plaints, indicating that their doses were greater than 30 rem.

VII). Contrary to previous findings, the present findings
indicate that Pp decreases markedly as the dose falls,
that therefore leukemia incidence is not a linear func-
tion of dose, and that a threshold for leukemia induction
might occur. In fact, according to table VII a dose of
2 rem is associated with a decreased leukemia rate. It is
to be emphasized again, however, that the estimates of
dose employed in the present and previous analyses are
much too uncertain to permit drawing conclusions rela-
tive to the vital points in question. The calculations are
made only to illustrate how variable the results may be
when inadequate data are utilized.

Leuxearia 1N HirosHiyA CiTY ATOMIC BOMB
SURVIVORS* by
NIeL WaLpf

Atomic Bomb Casualty Commission
Hiroshima, Japan

It has become generally accepted that an increased
incidence of leukemia follows the acute or chronic ex-
posure of various experimental animals and of man to
ionizing radiation.® Recently an attempt has been made
to establish a quantitative relation between the proba-
bility of radiation-induced leukemia and the unit-dose of
radiation received, on the basis of data from studies of
various groups of radiation-exposed human beings.®

The survivors of the atomic bombings in Hiroshima
and Nagasaki, Japan, comprise two such groups. Reports
concerning the occurrence of leukemia in these popula-
tions over a period through June 1956 have been pub-
lished at intervals by various staff members® of the
Atomic Bomb Casualty Commission.* In addition, an
unpublished compilation of certain specific detailed in-
formation requested by the British Medical Research
Council was prepared in September 1955, An analysis
of these data appeared in a publication of the Medical
Research Council® and a portion was also published in a
report of the National Research Council.?

Since that time a review has been made of all the
leukemia cases known to the Atomic Bomb Casualty
Commission, and a master list has been compiled. Some
of the cases on the September 1955 listing have been
dropped for various reasons, and many cases have been
added. No detailed official report has been published
recently in the hope that more adequate dosimetry data
might become available, This wish is nearing fulfilment
because of the joint initiation of a large programme of

* Science 127, 699-700, 1958, for table 1 and bibliography re-
ferred to in this article, see immediately following the article.

+ Present address : University of Pittsburgh, Graduate School
of Public Health, Pittsburgh, Pa.



dosimetry studies in 1955 by the Atomic Bomb Casualty
Commission and a group of interested organizations
including the Atomic Energy Commission’s Division of
Biology and Medicine, the National Academy of
Sciences — National Research Council, the U.S. Air
Force School of Aviation Medicine, Los Alamos Scien-
tific Laboratory, and Oak Ridge National Laboratory.
The programme is designed to make possible the assign-
ment of a specific neutron or gamma ray dose or both
in rads to the record of each survivor in the Atomic
Bomb Casualty Commission’s files for whom sufficient
pertinent information is available.

A detailed interim report on leukemia in the Hiro-
shima atomic bomb survivors is presently being pre-
pared by various staff members of the Atomic Bomb
Casualty Commission and the National Research
Council. It will include the best currently available dosi-
metry information resulting from the afore-mentioned
collaborative effort. However, because of the present
interest in data pertinent to radiation leukemogenesis and
the desirability of making available current information
obtained by the Atomic Bomb Casualty Commission,
table I, summarizing results of the leukemia survey in
Hiroshima as of December 1957, is presented at this
time.

Certain limitations of these data should be pointed
out, The programme was initiated in 1947 but the pres-
ent level of intensity of effort was not achieved until
about 1950. Therefore, while it may be assumed that
the numbers of cases shown for the years 1950 through
1956 are fairly accurate, the numbers that arose in the
preceding years may be understated rather seriously.
With respect to 1957, it is probable that additional cases
remain to be discovered with onset in that year.

The denominators of the incidence rates are'estimates,
subject to errors of presently unknown magnitude. The

3 June 1953 Residential Census of Hiroshima was con-
ducted by the Hiroshima Census Bureau and was pre-
sumably of a reasonable degree of accuracy. The cate-
gorization by distance from the hypocentre was made
on the-basis of Atomic Bomb Casualty Commission
investigations of 50.8 per cent of the males and 44.6
per cent of the females who reported themselves exposed
to the bomb. However, it was found that 3.1 per cent of
those reportedly exposed were in fact not in the city at
the exact time of the bombing.

Apart from the uncertainties regarding the population
on 3 June 1953, it may be incorrect to assume that
migration in and out of the city during the period from
1950 to the present was the same for persons exposed
in different distance categories. However, despite the
current lack of pertinent information, the simple expe-
dient of multiplying the June 1953 population values by
eight to obtain estimates of person-years at risk has been
adopted since the census date is roughly near the mid-
point of the interval under study. This procedure seems
reasonable at present, although the magnitude of any
resultant error is hard to estimate.

In addition to the above-mentioned points, which have
to do with the intrinsic accuracy of the data presented,
a further caution should be strongly emphasized. The
uncertainties involved in inferring radiation dose from
distance alone are too large to support conclusions
beyond the previously reported qualitative one that those
survivors who received large doses of radiation—that is,
who were within 1,500 metres of the hypocentre, had a
significantly higher incidence of leukemia than those
beyond that distance, who received relatively little or
none.® The relationship of incidence to distance as pre-
sented in table I cannot be given a more quantitative
interpretation because there are too many variables, as
yet unresolved, which cannot be ignored.

TaBLE L
Of preceding paper by Niel Wald
LEUKEMIA IN HIROSHIMA ATOMIC BOMB SURVIVORS WHO WERE
RESIDENTS OF HIROSHIMA CITY AT THE TIME OF DIAGNOSIS
(DIAGNOSES VERIFIED BY THE AToMIC BoMB CasuALTY COMMISSION)

Distance from hypocentre (metres)

Year of Onset Total Under 1,000- 1,500— 2,000~ Oser
1,000 1,499 1.999 2,999 3,000
1945, ittt
1946, . oeiieiiivevneeennnns
L 3 1 2
1948, o i iiiiie e 7 2 4 1
1049, ..ttt 5 1 1 1 1 1
1050, o i e veriie e iae i en 9 3 5 1
1958 . o ittt 11 3 7 1
1932, it i 11 3 5 1 2
1053 . v 12 2 6 2 1 1
1054 . .o e i iiii e 6 2 2 1 1
1055 ittt 8 1 4 2 1
1056, vt iieee e 6 1 1 1 3
1957 . it 5 1 3 1
ToTAL 83 18 39 9 10

Estimated population*........ 95,819 1,241 8810 20,113 32,692 32,963
Number of cases with onset in

1950-1957 . .o eieinnvenn. 68 15 33 8 3 9
Estimated person-years at risk. 766,552 9,928 70,480 160,904 261,536 263,704
Annual incidence of leukemia

per 100,000, .............. 89 1511 46.8 5.0 1.1 3.4

* Based on Hiroshima Census Bureau's Daytime Population Census of Hiroshima City,

3, June 1953,
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For example, the presently available estimates of the
air dose in Hiroshima have a large uncertainty, the
magnitude of which is itself not yet definite. Also, ex-
perimental dosimetry studies at Oak Ridge National
Laboratory emphasize the need for detailed informa-
tion, such as is being collected by the Atomic Bomb
Casualty Commission, concerning the shielding situation
of any particular survivor at any distance. It is con-
ceivable that the radiation received within a light frame
house (the most common shielding situation) may vary
from an amount almost equalling the outside air dose to
one equal to the ouiside air dose attenuated by perhaps
a factor of two, depending on the position of the person
in the house.

In determining the relationship of radiation exposure
to the incidence of leukemia, such detailed data must be
examined not only for each leukemic survivor, but also
for enough of the population at risk to permit calcula-
tion of statistically significant incidence rates. Until this
information becomes available from the dosimetry pro-
gramme, it is premature to attempt precise quantitation
of dose-effect relationships in radiation leukemogenesis
on the basis of the Hiroshima and Nagasaki radiation-
populations.®
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Leukemia in radiologists

34. The most recent estimate of the leukemia death
rate for United States radiologists (ages 35 to 74 years)
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is based on the data of 1938-1952, inclusive.* During
this period there were 17 deaths, corresponding to a;
average annual rate of 610 per million, The rate observed

in the population at large (corrected for age distribu-
tion) was 121 per million.

Leukemia in children

35. Two reports have associated leukemia in children
with previous X-ray exposure during infancy or the
prenatal period. In the first,*” a study was made of 1,700
United States children treated during infancy for a con-
dition known as enlargement of the thymus gland. The
untreated siblings of the irradiated children served as
controls. There were 17 cases of cancer, including 7 of
leukemia in the irradiated group; there were 5 cases of
cancer, but none of leukemia in the control group
(tables VIII and IX).

TABLE VIII. EXPECTED AND OBSERVED
RATES FOR CANCER®

Treated children Untreated siblings

Ezpected Observed  Expected Qbserved
All cancers............. 2.6 17 (?19) 2.7 5
Leukemia.............. 6 7 8) .6 0
Thyroid cancer......... .08 6 .08 0

* Data from reference 17.

TaBLE IX., DISTRIBUTION OF NEOPLASIA
ACCORDING TO AMOUNT OF RADIATION?®

Under 200r. Over 200, Unknown
Number treated............. 604 804 313
Cases of leukemia............ 2 5 (?1)
Other cancers.........coevus. 0 4 0
Carcinoma of thyroid......... 0 6 0
Adenoma of thyroid.......... 0 6 3

* Data from reference 17.

36. In a British study*® of the history of 547 mothers
whose children had died before the age of ten from
leukemia and other cancers, it was found that 85 of the
mothers (15.5 per cent) reported that they had had
diagnostic abdominal radiography involving the foetus
during the relevant pregnancy. In a comparison series of
547 mothers with healthy and living children only 45
(8.3 per cent) reported radiologic exposure during the
relevant pregnancy (table X).

TABLE X. LEUKEMIA AND CANCER INCIDENCE
IN OFFSPRING RELATED TO X-RAY EXAMINATIONS IN
THEIR MOTHERS DURING THE RELEVANT PREGNANCY®

Number of mothers and

Sfoetuses exposed to
Number  Abdominal  Ezamination of

Type of cancer in child of cases exominalion other parts of body
1. Leukemia............ 269 42 25
Controls (living).... 269 24 23
2. Other cancers......... 278 43 33
Controls (living).... 278 21 32
3. Total cancer.......... 547 83 58
Total control......... 547 45 55

» Data from reference 18.

37. The suggestion has been made that a proportion
of the leukemias and cancers in the first group, namely



7.2 per cent, may have been caused by the exposure
during intrauterine life of the patients in question.
However, radiological examination of other parts of the
body was not correlated with increased cancer incidence.

38. The data indicate a correlation between leukemia
and other cancers in childhood and irradiation of the
foetus, although alternative possibilities cannot be ex-
cluded. It is possible that some mothers who give birth
to leukemic children might be in greater need for diag-
nostic X-ray service during pregnancy and that in the
present cases leukemia or cancer may have resulted inde-
pendently of exposure sustained during intrauterine life.

39. In any event, the clinical indications for the X-ray
examinations of the mothers of these particular children
are not known, nor is information available on the types
of examinations performed and on the actual doses of
X-ray received by the mothers and the foetuses, Addi-
tional data and final evaluations of their significance are
known to be in course of publication (British Medical
Journal).

Leukemia after X-ray therapy for ankylosing spondylitis

40. A dependence of the incidence of leukemia on
radiation exposure has been demonstrated in a study of
13,352 cases of ankylosing spondylitis treated during
1935-1954 at 82 radiotherapy centres in Great Britain,?®
In this series, 28 patients were certified to have died of
leukemia and 1.} of aplastic anemia, as of 31 December
1955. The numbers of expected deaths were 2.9 for
leukemia and 03 for aplastic anemia. (The over-all
death rate per million persons for leukemia in England
and Wales has been as follows: 21 in 1935, 34 in 1945,
49 in 1934). A thorough study of the series led to the
following tabulation of cases with blood disease:

Group Males Females
Leukemia (A)........c.oovivviiin... 35 1
Probable leukemia (B)........ e 5 0
Aplasticanemia...................... 4 0
Undecided...............coievennnn. 2 2

41. To study the distribution of cytological types, all
available cases of leukemia in patients with ankylosing
spondylitis, both treated and untreated were tabulated:

X-ray trealed series  Unireated series
. per cent per cent
Lymphatic leukemia..... 3 (8 3 (38)
Mpyeloid leukemia....... 31 (78) 4 (50)
Monocytic leukemia..... 6 (15) 1 (13)
Type unspecified........ 9 0

There is a relative deficiency of the lymphatic type of
leukemia among the X-ray treated cases, and the differ-
ence between the two series was found to be just signi-
ficant (P = 0.05).

42. Only male cases of leukemia and “probable leu-
kemia” (groups A and B) were available in adequate
numbers for further statistical analysis. After a single
course of treatment, the evidence of 10 cases indicated
that leukemia occurred within 5 years. When all cases
were considered, i.e. those receiving multiple courses
over a period of years as well as those receiving a single
course in a month or so, it was noted that leukemia was
diagnosed within 5 years of the last treatment in 35 of
37 cases,

43, The radiological treatment of ankylosing spon-
dylitis usually consisted of irradiating the spine and the
region of the sacroiliac joints. In some cases other re-
gions were also treated. Most (7215) of the patients
in the present series received only one course of treat-
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ment, but some (1,119) received as many as four courses
over a period of years. Preparatory to examining the
relation between leukemia incidence and radiation dose
elaborate studies were made so that for each course of
treatment in each case there could be determined:

(a) The spinal dose: the mean dose to the spinal mar-
row, based on the average of 3 points (upper sacral, mid-
dorsal, mid-cervical).

Sb) The integral dose: the integral dose to the whole

body.
The distribution of doses in the entire population of
11,287 men was estimated from the doses of a ran-
domly drawn sample of 1,878 men. The dose of each
leukemia case was determined individually. For multiple
courses of treatment due allowance was made for the
years at risk at each dose level. Dose-classes were then
established (e.g., 250—499 rem, 500—749 rem), and
the crude incidence of leukemia determined in each class.
In addition, the standardized incidence of leukemia was
determined, i.e., the incidence standardized for age.

44. In studying the dose-effect relationship, the fol-
lowing assumptions were made:

(8) The significant parameter of dose is the mean
dose to the spinal marrow. (The spinal marrow was
always irradiated ; the amount of irradiated extra-spinal
marrow was variable.)

(b) There is an absolute waiting period of one year
after exposure during which no cases occur. Thereafter,
each year at risk has equal weight. (The authors con-
sidered this to be an over-simplification, but used it as a
practical method of dealing with the many cases that had
received multiple courses of treatment).

(¢) Fractionation of dose did not diminish its
effectiveness.

(d) The probability of inducing leukemia is directly
proportional to the number of man-years at risk. The
number of man-years at risk equals the product of
(number of individuals given a particular dose) X
(mean years since exposure—1),

(e) Constitutional factors may predetermine a
greater radiosensitivity in this population, but no allow-
ance can be made for it.

45. Results from these studies are summarized in
table XI and figure 4. It is clear that the incidence of

T
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Figure 4. The incidence of leukemia, standardized for age, in
relation to the mean dose of radiation to the spinal marrow : all
male patients in the study series and ‘A’ and ‘B’ cases of leu-
kemia, excluding co-existent cases. (Figure 4 is Figure 1 in the
original reference 19.)




leukemia increases with radiation dose and that the rela-
tion between them is not linear. The curve through the
points in figure 4 is drawn to reach the control rate at
zero dose without indicating a threshold for the induc-
tion of leukemia. It should be noted, however, that only
one case of leukemia received a dose of less than 400
rem and that this case had lymphatic leukemia and had
had large doses of extra-spinal irradiation. Therefore
the course of the curve between this dose and zero must
be regarded as practically undetermined. The slope of
the curve between 750 and 1,250 rem appears to be rela-
tively constant and is equal to about 0.6 new cases per
year per 10° men per rem to spinal marrow.

46. The data for the limited group of patients that
received irradiation to the spinal axis only are given in
table XTI. In this group, 18 patients developed leukemia.
Analysis of these data® suggested a threshold of 54 rem
by one method and of 130 rem by another. These esti-
mates, however, are subject to great uncertainty owing
to the small number of cases in the series and the lack of
data for the range in question. Statistical analysis indi-
cated that the threshold might lie anywhere between
0 and 460 rem. The slope of the dose-effect curve was
about the same as that given in paragraph 45.

Theoretical considerations for estimation of radiation
hazards

47. The quantitative statement of a radiation hazard

TaBLE XI.®

involves the precise relation between the total number
of radiation-induced cases N, and the radiation dose D,
throughout an extended range of dosage. At present,
such a statement cannot be satisfactorily made for any
kind of human cancer. For certain purposes, however,
a very crude estimate may be better than none at all and
two methods have been proposed with this end in mind.

48. The first method assumes (1) that all cancer is
caused by ionizing radiation and (2) that the annual
cancer rate is directly proportional to the annual radia-
tion dose. The total cancer incidence rate R in the United
States, for instance, is now about 2,800 cases per annum
per million population. The annual background radiation
dose rate is about 0.1 rem, and the dose rate from other
sources is perhaps another 0.1 rem. The average annual
dose rate per individual is thus about 0.2 rem. The
potency factor % is, therefore,

2800
k = —— = 14 X 103, 2)
0.2

i.e., 1 rem will produce a total of 14,000 new cancer cases
when a population of one million has been exposed.
Such a figure appears to be absurdly large. It has been
suggested that such a calculation applies only to certain
kinds of cancer but not to others. There appears to be
no scientific basis for such a selection, however.

THE NUMBERS OF PATIENTS WHO DEVELOPED LEUKEMIA, AND THE CRUDE AND STANDARDIZED

INCIDENCE RATES: AFTER DIFFERENT MEAN DOSES OF THERAPEUTIC RADIATION TO THE SPINAL MARROW:
MALE ‘A’ AND ‘B’ CASES, EXCLUDING CO-EXISTENT CASES

Mean dose to spinal marrow (r.)

Le. N
thas;: 250- 500- 750~ 1,000- 1,250~ 1500~ 1,750- 2,000- 2250- 2,500~ 2071'50 Al
ov 250 499 739 999 1,249 1,499 1,749 1,999 2249 2,499 2,749 more  doses
No. of men developing leukemia
AT CRSES. e — 1 2 6 3 7 2 3 1 2 3 1 1 32
‘A'and ‘B'cases................. — 1 3 6 4 8 3 3 1 2 4 1 1 37
Crude incidence per 10,000 men per year
‘A'and ‘B’ cases................. 0.49 2-16 4-59 6-99 1218 63-65 3-98
Standardized incidence per 10,000 men
per year
‘A’and ‘B'cases................. 049 1.98 466 7.21 14.44 72-16 5.98

» This table was table 19 in the original reference.? .
b The rate given for ‘zero’ therapeutic dose is the corresponding
rate among men of the same age-distribution and observed over

TanpLE XII.®

the same period, calculated from the mortality from leukemia
experienced by the whole male population of Britain.

THE INCIDENCE OF LEUKEMIA AFTER DIFFERENT MEAN DOSES OF THERAPEUTIC RADIATION TO THE

SPINAL MARROW: MALE ‘A’ AND ‘B’ CASES GIVEN ONLY SPINAL IRRADIATION, EXCLUDING CO-EXISTENT CASES

Mean dose o spinal marrow (r.)

Less 2,000
than 250- 500~ 750~ 1,000~ 1250~ 1,500- I1,750- or All
0 250 749 999 1,249 1,499 1,749 1,099  mored  doses
No. of man-years at risk following exposure todose — 5,404 7,673 6,573 8,262 7411 2,782 897 366 679 40,247
No. of men developing leukemia
‘A'cases..e...ovnnnn. e — 0 4 3 4 0 2 1 1 17
‘Aand ‘B’ cases......covieieiiiiniiiian., — 0 4 3 5 0 2 1 1 18
Crude incidence per 10,000 men per year
‘A’and B’ CaSeS. it 0-49 1-53 4.72 6-75¢ g.12¢ 4-47
Stendardized incidence per 10,000 men per year
‘A’ and ‘B’ CASeS. . uiiiiieaaeaaiaiee s 049 1-44 4-83 6-82 8-70¢ 4-47

* This table was table 20 in the original reference.!?
b Average dose, 2,290 r.
© For the group receiving 1,000-1,499 r. the crude incidence
is74 -91; standardized incidence 5-06.
For the groupreceiving 1,000-1,749 r. the crude incidence
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is 6-31; standardized incidence 6-82. ..
4 For the group receiving 1,500 r. or more the crude incidence
is 18-68; standardized incidence 19-86. . L.
For the group receiving 1,750 r. or more the crude incidence
is 16-07; standardized incidence 16-82.



49. The second method uses the results of the British
study of leukemia incidence in a radiation-treated popu-
lation, discussed above. (The data for Hiroshima have
not been used owing to the uncertain dosimetry.) To
compensate for the paucity of data, a number of assump-
tions are made in the following analysis:

(a) The significant parameter of dose is the mean
dose to the entire red marrow. In uniform whole-body
exposure, the doses to the entire red marrow and the
spinal marrow are the same. When only the spinal mar-
row 1s irradiated, the mean dose to the entire red marrow
is probably about 40 per cent of the spinal dose.

(b) The total number of years at risk is 15, and each
year has equal weight. This assumption was arrived at
from the following considerations. The mean period of
observation in the British study was 5 years; this would
set a lower limit for all types of cases. Those 10 cases of
leukemia that received only one course of treatment all
occurred within 5 years of that treatment. For the popu-
lation exposed at Hiroshima the cancer rate began falling
after 8 years, and a complete period at risk of 15 years
has been suggested. The maximum duration of the
period at risk cannot be greater than the duration of life
after exposure. In the case of a population of children,
this could be 65 years, in the case of the usual mixed
population, the average would be about 35 years.

(¢) Fractionation or protraction of dose does not di-
minish its effectiveness.

(d) Constitutional factors may be neglected.

(e) Cancer production is a linear function of radia-
tion dose. Linearity has been assumed primarily for pur-
poses of simplicity. In the case of the British data for
-doses below 1,300 rem, a linear relation provides a fairly
accurate fit.

(f) There may or may not be a threshold dose. The
two possibilities of threshold and no-threshold have been
retained because of the very great differences they en-
gender.

50. The potency factor k, equal to N,/D, can now be
calculated. For a single exposure of the entire red mar-
row to 1 rem, the average annual leukemia rate is esti-
mated to be 1.5 cases per million persons exposed. If the
total number of years at risk is assumed to be 15, k is
equal to 1.5 X 15’,, or approximately 20 cases per million
exposed per rem. These calculations are based on ob-
servations following single large exposures. However,
under conditions of prolonged exposure at lower dose
rates, the period of risk may be longer. In the calcula-
tions of chapters V and VII where a maximum estimate
is wanted, the period at risk is assumed to equal the
average remaining life-time of the exposed population
(35 years). The value of % has therefore been taken as
52 cases ger million per rem in the calculations in para-
graph 128 of annex D and in paragraph 61 of chapter V
of this report.

51. The use of % to predict the number of cases of
leukemia depends on the magnitude of the threshold.
1f there is no threshold, N, is equal to the product of &,
D, and the number of persons exposed. If a threshold
is assumed, there will be no cases in persons who have
received less than that dose.

52. Besides the alternative possibilities of a linear re-
lation with or without a threshold, it is possible that a
non-linear relationship may exist, as has been found,
for example, in the case of many chromosome abnor-
malities.? As noted in paragraph 45 and illustrated in
figure 4, the incidence of leikemia in the British study
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was a curvilinear function of dose. not a linear one.
A curve providing a good fit to these data is obtained
when leukemia incidence is considered to be propor-
tional to the square of the radiation dose. In general,
curves of this type predict a finite incidence of leukemia
at small doses. However, this incidence may be very
much lower than that predicted by a linear function
based on all of the same data,

53. The methods used above to estimate the risk of
leukemia after radiation exposure are of general use.
They may be applied both to other cancers and also to
non-cancerous lesions such as occur in the eye (cata-
ract), the skin and in the bones. Their use is contingent
upon the availability of adequate statistical estimates of
the incidence of the disease in question related to the
radiation doses received by the population at risk. It may
be noted that such methods do not depend on detailed
knowledge of how the radiation induces the lesion within
the cell, e.g. by somatic mutation or some other alleged
or hypothetical mechanism. At present, adequate statis-
tical data are not available for bone tumours or for
tumours of other organs to make such estimates of risk.
However, it is known that pertinent studies are under
way for bone tumours in man that are caused by radio-
active substances.
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Professor R. M. Sievert (Representative)
Dr. B, A. A. Aler

Dr. R. G. Bjornerstedt

Professor G. Bonnier

Professor T. O. Caspersson

Professor C. A. T. Gustafsson

Dr. A. G. A. Nelson

* Now in the United Arab Republic,



UnIoN oF SovIET SOCIALIST REPUBLICS:

Professor A. V. Lebedinsky (Representative)
Professor K. K. Aglintsev

Professor B. M, Isaev

Professor P. M. Kireev

Professor A. N. Kraevsky

Professor A. M. Kuzin

Unrtep KinGpoM oF GREAT BRITAIN AND
NoORTHERN IRELAND

Professor W. V. Mayneord (Representative—

first session)

Dr. E. E. Pochin (Representative)

Dr. T. C. Carter

Mr. A, C. Chamberlain

Dr. W. G. Marley

Mr. N. G. Stewart
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UNITED STATES OF AMERICA:

Dr. Shields Warren (Representative)
Professor G. W. Beadle
Dr. A. M, Brues

Professor J. Crow
Professor Th. Dobzhansky
Dr. C. L. Dunham

Mr. Merril Eisenbud
Professor Sterling Emerson
Professor G. Failla

Dr. J. H. Harley

Dr. J. S. Laughlin
Professor J. V. Neel

Dr. M. Zelle






