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CYTOGENETIC STUDIES IN EXPOSED SURVIVORS — HIROSHIMA AND NAGASAKI
LEEBLIURGBOWBECHT2BREEFHIAR

INTRODUCTION

Several reports have appeared in the literature which
suggest that exposed survivors of the atomic bombings
have both structural chromosome abnormalities and
increased variation in chromosome number in their peri-
pheral leukoceytes! ™  Bone marrow studies, on the other
hand, have shown neither morphologic aberrations nor
aneuploidy?

The present study was established in 1965, and involved
peripheral leukocyte chromosome examinations on survivors
exposed 20-21 years earlier. The nature and extent of
residual aberrations were explored, together with the
possible cytogenetic differences between the exposed
survivors of Hiroshima and those of Nagasaki.

SUBJECTS AND METHODS

Exposed survivors and their comparison subjects were
selected by the ABCC Department of Statistics from
members of the Adult Health Study sample,® a group of
20,000 persons selected for periodic examination in the
ABCC clinies in Hiroshima and Nagasaki. The Hiroshima
exposed subjects were originally chosen for the present
study on the basis of a minimum exposure dose estimate of
500 rad; the Nagasaki exposed, on the basis of an estimated
200 rad or more. These dose estimates (T537D) were
derived in 1957% and took into account the attenuation of
shielding. Since selecting the subjects for this study, the
dose estimates have been recaleulated, using the T65D
Oak Ridge National Laboratory air dose curves.” This
has resulted in a reduction of the Hiroshima estimate from
500 to 200, or more rad, and an increase in the Nagasaki
estimate to 220 or more rad. These newly revised esti-
mates also include shielding factors. In both cities, all
exposed study subjects were less than 1400m from the
hypocenters.
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Comparison subjects were 3000-3999m from the hypo-
center, and had an estimated air dose of less than one rad.
All individuals, in both groups, were 30 years of age,
or less, at the time of the bomb (ATB). For each exposed
subject, a comparison subject of the same sex and +2
vears of the same age was selected.

On being interviewed in the clinic, subjects were ruled

ineligible when any one of the following criteria were met:

history at any time of malignant disease, or radiation

therapy, including ultraviolet to the skin; history of diag-

nostic X-ray, excluding chest X-ray, during the preceding
12 months: or history at any time of exposure to diagnostic
or therapeutic radioisotopes. Evidence of a viral exanthem
on physical examination was also grounds for exclusion.

Leukocytes were separated from heparinized venous
samples, and were cultured and treated according to a
modification of Moorehead's method® Slides were read
without knowledge of the subjects’ exposure status. All
abnormalities were confirmed by at least two of the
examiners, and abnormalities not readily agreed upon
were discounted. Reports on the microscopic findings
were analvzed by the Department of Statistics at the
conclusion of the studv.

Aberrations were scored as: single chromatid gaps; or
single chromatid breaks, if the distal portion of the
chromatid was displaced; isochromatid gaps; or isochro-
matid breaks; multicentrics; and rings. Fragments were
either minute, or large, acentrics. Translocations were
grossly enlarged chromosomes obvious without karyotyping,
but confirmed by karyotyping. Other abnormalities, such

as deletions, were also scored when detectable directly

under the microscope.

An attempt was made to examine 100 metaphase cells
from each subject, with a chromosome count being done
on 30 cells from each culture.

RESULTS

As shown in Table 1, 51 exposed and 51 comparison
subjects were examined in Hiroshima; 43 exposed and 43
comparison subjects in Nagasaki, giving a total of 188
examined in the two cities. The average number of cells
examined per exposed subject in Hiroshima was 89; per
comparison subject, 97. In Nagasaki, these numbers were
87 and 91, respectively. Approximately 95 % of the counted
cells in both exposed and comparison groups in each city
had 46 chromosomes. The remaining deviation from 46
was similar in both cities, for both groups, and was largely
the result of chromosome less or addition during air
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drying. Occasional tetraploid cells, and endoreduplicated
cells were seen equally in all groups, with no more than
one of each in any one culture.

The numbers of chromatid and isochromatid gaps and
breaks were not statistically different between exposed
and comparison subjects in the two cities, as shown in
Table 1. Most cultures showed at least 2-3 of these per
100 cells.
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TABLE 1 CYTOGENETIC FINDINGS IN HIROSHIMA AND NAGASAKI ATOMIC BOMB SURVIVORS
#1 EEELUEHOERE CHMREESNTR

_ _ Hiroshima 15 & Nagasaki % # " Total #
Subjects and aberrations — - s =2l e E—
HEE L LR Comparisen Exposed Comparison Exposed Comparison Exposed
B & U s it 1E W E
Number of subjects
WHEAD.  oelinGRERERREE 51 13 43 94 94
Total cells examined
BT 4951 4543 3896 3740 8847 8283
Average number of cells/subject
wHEl HusD OREEREO TS 97.1 90.5 827.0 93.9 85,1
Cells counted
AT EE L Miiog 1532 1578 1281 1278 2813 2856
% with 46 chromosomes
IR P U s I Y RN 95.3 94.9 93.5 95.1 94.2
Aberrations observed ®E#HShiRAR®
Chromatid breaks and gaps
Pefa SR IHF & & Ceap e 135 83 94 218 232
Isochromatid breaks and gaps
R e fm (B GIBT & & Cgap ... 10 8 11 18 21
Rings WRAE 0 0 1 0 2
Dicentrics 2 ®E# 0 0 3 ] 7
Fragments i 1 0 13 1 29
Translocations $EFE ... 0 0 I 0 10

Subjects with one or more of the following ROEYE 1 DL EHETHHEEY

Chromatid breaks and gaps

RE SR & & Frap 42
Isochromatid breaks and gaps
[@l fir e & 53 R BT & & gap e 7

Rings Rk
Dicentrics 2 #E
Fragments Bl s

B =~

_ Translocations #ZEE ...oeereeeeenn

27 33 69 8
6 10 13 16
0 1 0 2
0 3 0 6
0 12 1 24
0 1 0 b

Exposed subjects were within 1400m from the hypocenler, and received an estimated 200 rad or more in Hiroshima, 220 rad or mare in Nagasaki. Comparison subjects
were 3000-3999m from the hypocenter, and received an estimated dose af less thon one rad, All subjects were less than 30 years of age at the time of the bomh
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FIGURE 1 Metaphase cell with four minute fragments from a patient whose estimated exposure dose was 337 rad
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In Hiroshima, 18 of 51 exposed subjects had one or more
fragments, rings, translocations, or dicentric chromosomes,
while one out of 51 comparison subjects had a single minute
fragment, and no comparison subject had dicentrics, rings
or translocations. The difference between exposed and
comparison subjects, in terms of these types of aberrations,
was highly significant statistically (P-<2.001}. Nine of the 18
positive individuals had more than one such aberration, with
one subject having four minute fragments in one cell, as
shown in Figure 1, plus another cell with two large acen-
trics. Figure 2 illustrates a ring chromosome found in
another exposed Hiroshima subject. The maximum per-
centage of positive cells for any one individual was four.

In Nagasaki, 15 out of 43 exposed subjects had one or
more of these complex breaks and rearrangements, while
none of these abnormalities were seen in the 43 comparison
subjects. This difference is again statistically highly
significant (P<.001). Only three of the 15 positive subjects
had more than one such aberration, with never more than
2% of the examined cells being cytogenetically abnormal.
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FIGURE 2 Metaphase cell with ring chromosome and minute fragment from a patient whose estimated exposure dose was 520 rad
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Thus, combining the similar data from the two cities, 33
of the 94 exposed survivors studied had fragments, rings,
dicentrics, or translocations. In the 94 comparison
subjects, only one minute fragment was seen.

Medical histories of the 94 exposed subjects were reviewed
for evidence of acute radiation sickness ATB. Of the 33
cytogenetically remarkable survivors, 30 (90%) had had
signs of epilation, petechiae, or oropharyngeal lesions.
However, 54 (89 %) of the 61 exposed survivors who were
cytogenetically unremarkable also had one or more of
these clinical signs.

No direct relationship between chromosomally abnormal
subjects and their estimated rad doses was detected. The
33 positive subjects had a wide range of doses, from 237-
891 rad, and were evenly distributed within this range.

No evidence was found for a sex difference. Of the 94
exposed subjects studied, 37 were males, 57 females, a
male:female ratio of 0.65:1. Of the 33 subjects with
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chromosome aberrations, 13 were males, 20 females, a
ratio also of 0.65:1. The age range of subjects was 1-29
years, ATB.

DISCUSSION

It has been demonstrated that therapeutic X-ray, accidental
nuclear reactor exposure, and occupational exposure to
ionizing radiations are capable of inducing chromosome
aberrations in man!"!"  The extreme sensitivity of human
peripheral leukoeyte chromosomes, to even diagnostic

levels of X-ray, has also been shown!'

In several of
these studies, the cytogenetic abnormalities were demon-
strated to be present in clinically normal individuals many

years after exposure.

In the present study, one out of three exposed subjects
had chromosome abnormalities of the type which have
been described as “unstable.”” However, the low frequency
of abnormal cells, 1%-4% for a given positive subject,
suggests that several factors have tended to lower the
observed frequency of both positive subjects, and positive
cells. Many individuals with significant radiation exposure
have no doubt died during the past 20-21 yvears of A-bomb
related, and unrelated causes. These include individuals
with leukemia and disorders of leukopoiesis, who may
reasonably have had increased percentages of circulating
cells with radiation-induced aberrations. Furthermore,
the long time interval between exposure and examination
has doubtless seen a decrease in the frequencies of cyto-
genetically abnormal cells! Lastly, these abnormal cells
may not divide or survive in culture.

The increased “spontaneous aberration rate” described in
individuals over 65 years of ag(:,‘2 and the increased
sensitivity, from a chromosomal point of view, of subjects
irradiated after 35 years of age led to the inclusion in
this study of only the vounger exposed individuals. These
results, therefore, reflect cytogenetic abnormality in probably
the most resistant of all age groups exposed to the bombs.
This group is composed of persons in whom clinical and
cytogenetic reevaluation for the next several decades is
feasible.

The resistance, in terms of residual cytogenetic change,
in bone marrow cells is also intriguing! In examination
of metaphases from the marrow, Whang et al'® have
shown that megakaryoecytes, erythrocytes, and granulocytes
are being examined, while in peripheral leukocyte cultures,
it is the small lymphocyte which comprises the major cell
population under scrutiny. This is consistent with generally
accepted ideas of lymphocyte sensitivity to ionizing radiation.
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However, it does not establish the origin of effected cells.
Fitzgerald!* and Nowell!” have suggested that chromo-
some aberrations induced by radiation are found in a
population of nondividing lymphocytes which exist for
many years in the circulation. This implies that damage
to the chromosomes of these cells is dormant until appro-
priate antigenic stimulation (such as that of PHA) causes
them to divide. The aberrations would, then, have to
arise de novo in these PHA -stimulated leukocyte cultures
some 20-21 vears after exposure of the cells.

There is no direct experimental evidence that lymphocytes
survive this long without dividing. Until such evidence
becomes available, the possibility must be considered that
these immunologically committed peripheral lymphocytes
with cytogenetic aberrations may arise from a lvmphoid
precursor, of spleen or lymph node, which divides and
reproduces the complex chromosomal rearrangements.
These stem cells may then continually seed the peripheral
circulation with small but relatively constant numbers of
eytogenetically abnormal cells.

The lack of increased aneuploidy in exposed subjects
suggests that, in fact, many of the effected small lympho-
cytes did divide in vivo, and were eliminated. Undoubtedly,
the high frequencies of chromosome aberrations in the
original cell population were diluted by the production of
normal cells. Still, it is difficult to avoid the coneclusion
that the absence of cells with abnormal chromosome
numbers reflects a selective disadvantage of the cytoge-
netically abnormal lymphocyte population in terms of in
vivo cell division.

Thus, whether the nuclear radiations have effected
primarily a circulating lymphoeyte, or a lymphoid precursor,
or both, is not certain; but neither possibility can be
definitely excluded at this time.

The lack of relationship between cytogenetic abnormality
and either dose, or clinical symptoms ATB, is of
interest. The implication from this is clearly that from
the point of view of chromosome damage so long after
exposure a difference of several hundred rad would seem
to matter less, at these high levels of whole-body rradi-
ation, than the particular susceptibility of the subject’s
cells. The fact that 61 of the 94 highly exposed subjects
were cytogenetically normal is certainly as impressive as
the fact that 33 were abnormal. The resistance of these
subjects, or their capacity to eliminate chromosomally
abnormal cells, may or may not give them a clinical
advantage.

Both atomic explosions produced mixed gamma and neutron
radiations. However, the proportion of each differed,
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with from 30%-50% of the exposure doses in Hiroshima
being accounted for, at these distances, by neutron radi-
ation; while in Nagasaki, the neutron dose did not exceed
15% of the total estimated air dose. It would appear, then,
that the Nagasaki survivors were exposed primarily to
gamma radiation, while the Hiroshima subjects were
exposed more nearly to a mixture of the two. Thus, in
terms of residual cytogenetic damage in human chromo-
somes, gamma or mixed gamma and neutron radiations
would not seem to differ significantly.

SUMMARY

Ninety-four exposed atomic bomb survivors together with
their comparison subjects, matched for age and sex, were
studied in Hiroshima and Nagasaki. All subjects were less
than 30 vears of age ATB, and all were within 1400 m
from the hypocenter. Of the exposed, 33 patients (34 %)
were found to harbor chromosomal abnormalities in 1%-
4% of their peripheral leukoeyte metaphases. No direct
relationship to dose or clinical symptoms of radiation
sickness ATB could be found, and both sexes were equally
effected. All individuals are clinically normal at this.time.
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