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SUMMARY

Radiation-induced chromosome aberrations were
found to persist in cultured peripheral blood
lymphocytes derived from Hiroshima and
Nagasaki A-bomb survivors long after their
radiation exposure. Barlier observations that the
frequency of cells with chromosome aberrations
increased in proportion with increasing dose in
both cities were reconfirmed. However, in every
dose group, the frequency of aberrant cells was
consistently higher in Hiroshima than in Nagasaki.
Results suggested that a higher neutron dose in
Hiroshima than in Nagasaki may have been a
major component contributing to the difference
in dose response between the two cities.

Among the types of chromosome aberrations so
far identified, reciprocal translocations were
observed to predominate, and they playved an
important role in determining the dose-aberration
relationship.  Furthermore, it was recognized
that symmeiric chromosome exchanges seem to
be a useful index of late radiation effects on
somatic cells in vivo,

INTRODUCTION

In our preliminary data reported previously, we
indicated that among A-bomb survivors of
Hiroshima and Nagasaki, radiation-induced
chromosome aberrations have persisted many
years in circulating lymphocytes, and that the
frequency of such cells is proportional to the
estimated dose received by each individual.! The
results showed that scoring cells with radiation-
induced chromosome aberrations is a useful
indicator for the evaluation of late somatic
effects of irradiation upon humans.
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The present report describes the results of a
detailed chromosome analysis of cultured
lymphocytes from A-bomb survivors of Hiroshima
and Nagasaki to obtain further information
about the late somatic effects of atomic radiation.
Special reference is made to clarifying the dose-
response relationship of chromosome aberrations
together with factors including age when exposed,
radiation components of the A-bombs and others,
all of which may have some effect on the results
observed,

MATERIALS AND METHODS

Selection of Sample

The sample was selected from among A-bomb
survivors who were resident in Hiroshima and
Nagasaki, for whom tentative dose estimates
were available, and who were participants in the
RERF Adult Health Study.* Subjects who
reported receiving any radiotherapy or radio-
isotope exposure were excluded. Also excluded
were cases whose cultures were unsuccessful,
or produced poor mitosis of less than 30 scorable
cells per case. With the above limitations,
cytogenetic examinations of 649 Hiroshima and
403 Nagasaki cases were performed (see
Appendix).

The controls consisted of those who were not in
the cities at the time of the bombs (nonexposed),
and those who were distally exposed to the
bombs, but whose estimated doses were less
than 1rad. The remainder received estimated
doses of more than 1rad, and are hereafter
referred to as the exposed group. Exposed
individuals were further divided into the following
six groups according to their estimated doses
in rad: 1-99, 100-199, 200-299, 300-399,
400-499, and 500 or more. Further breakdown
in the number of cases and number of cells
scored by city is shown in Table 1. The present
study covered the period from January 1968
to November 1969 in Hiroshima and from
January 1968 to March 1971 in Nagasaki.

Methods

Peripheral blood was cultured using the method
of Moorhead et al,® with minor modifications;
the whole blood culture method of Hungerford®
was also used in our laboratory.

Heparinized blood was allowed to stand for a
few hours at room temperature to separate
plasma containing white blood cells. To Iml
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TABLE 1 DISTRIBUTION OF CELLS WITH CHROMOSOME ABERRATIONS BY DOSE -
HIROSHIMA AND NAGASAKI

#1 ROAERELLOMBOMEN SN — LK - Bl
Dose group  Mean total Cells Cells with all Cells with
(rad) dose Gamow.. [Neuti.  Casee examined aberrations (%)  exchanges* (%)
Hiroshima
Contro] - - - 263 24414 294 (1.20) 210 (0.86)
1-99 37.3 30.0 7.2 70 6459 175 (2.71) 141 (2.18)
100-199 142.9 1121 30.7 137 12634 626 (4.95) 528  (4.18)
200-299 243.2 185.7 57.5 72 6484 615 (9.48) 544 (8.39)
300-399 3484 261.7 86.8 43 3896 489 (12.53) 433 (11.11)
400-499 441.1 3349 106.2 30 2869 407 (14.19) 371 (12.93)
500+ 1062.5 728.9 333.79 34 3222 532 (16.51) 489 (15.18)
Nagasaki
Control - - - 156 14748 199  (1.35) 128 (0.87)
1-99 48.5 48.4 0.1 57 5472 103 (1.88) 77 (1.41)
100-199 147.0 145.6 1.4 62 5727 96 (1.68) 73 (1.27)
200-299 2499 245.9 39 58 5443 150 (2.76) 117 (2.15)
300-399 336.1 330.3 5.8 30 2753 94  (3.41) 83 (3.01)
400499 437.2 430.0 7.1 24 2312 164  (7.09) 147 (6.36)
500+ 765.4 746.1 19.3 16 1566 206 (13.15) 196 (12.52)

*Exchanges include dicentrics, rings, reciprocal translocations, and pericentric inversions (see text).

of the plasma thus separated was added 8ml of
culture medium (TC199, Difco), 1ml of fetal
bovine serum (Microbiological Association),
and antibiotics. Just before incubation, 0.1 ml of
phytohemagglutinin (PHA, Wellcome) was added
to the culture. After 50 hours of incubation, the
culture was treated with colchicine (Ciba) at a
concentration of 0.4g/ml for 2 hours, followed
by hypotonic treatment with 1% sodium citrate
solution. The cells were fixed with a mixture of
methanol and acetic acid (3:1), and were then
flame dried on slides for spreading. The slides
were stained with ordinary Giemsa solution.
Culture time in this study was 52 hours including
the last 2 hours of colchicine treatment, so that
most of the observed metaphases appeared to be
in their first in vitro cell division.

All slides were coded and microscopic examin-
ations were carried out without knowledge of
individual exposure status. In each case, an
attempt was made to analyze 100 metaphases.
However, there were a few instances with poor
mitoses, in which 30 metaphases were the
minimum accepted number.

The chromosomes were grouped into A to G
groups directly under the microscope. All of the
cells with either definite or suspected structural
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rearrangements detected by direct microscopy
were photographed for further detailed karyotype
analysis. Chromosome  aberrations were
confirmed in the final analysis by at least two
senior cytogeneticists.

Chromatid-type aberrations were considered of
little importance in the evaluation of late
radiation effects on somatic chromosomes in vivo.
Thus only chromosome-type aberrations were
subjected to the present analysis. However,
attention was paid to the fact that the chromatid
aberrations in their first mitosis often reappeared
as ““derived” chromosome-type aberrations in the
second or subsequent cell divisions. ™

The classification of chromosome aberrations used
here was essentially the same as that described
in the UNSCEAR report,” and by Lea.’?
Asymmetric exchanges included dicentrics (inter-
changes) and rings (intrachanges), while sym-
metric exchanges were reciprocal translocations
(interchanges) and pericentric inversions (intra-
changes). The aberration defined here as
“deletion’” was characterized by a loss of acentric
material from the complement, perhaps due toa
result of interstitial or terminal deletion. Inter-
stitial deletions, including minute fragments and
possible acentric rings, were designated as
acentrics.

Paracentric inversions, which are the counterpart
of acentric rings, could not be detected by the
conventional Giemsa staining method. These
aberrations undoubtedly must have been
included in the normal cells. Thus, the observed
aberrations were classified as following six types:
dicentrics, rings, reciprocal translocations,
pericentric inversions, acentrics, and deletions.

The first four types were referred to here as the
exchange aberrations, while acentrics and dele-

tions were excluded from the exchanges, and
were scored separately in the fotal aberrations.

RESULTS

Frequency of Cells with Chromosome Aberrations
in Relation to Dose

Approximately one-fifth of the total cases
examined (139 of 649 in Hiroshima, and 72 of
403 in Nagasaki) had received diagnostic gastro-
intestinal fluoroscopy in addition to routine
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chest radiography within a year of their
cytogenetic examinations. A preliminary
statistical analysis compared frequencies of cells
with induced chromosome aberrations among
those who received diagnostic fluoroscopy vs
those who had no such radiation exposure
history. This failed to demonstrate any statistical
difference between the two groups, and the data
from both groups were therefore combined in
the present analysis.

In both cities, the frequencies of cells with
radiation-induced  chromosome  aberrations,
mostly exchange types, increased with increasing
A-bomb doses (Table 1). In Hiroshima, an
increased frequency of aberrant cells was noted
in the 1-99rad group. In Nagasaki, this was not
as marked as in Hiroshima, but gradual in the low
dose range, increasing sharply above 300rad.

There was no difference in the control values
between the two cities, but in every dose group
among the exposed, the frequency of aberrant
cells was higher in Hiroshima than in Nagasaki.
The shapes of the curves, which show the dose-
aberration response relationship, also differ by
city. The curve is nearly linear for Hiroshima,
but apparently exponential or dose-squared for
Nagasaki. This trend was the same in terms of
both exchange and total aberrations. Analysis
of the relative biological effectiveness (RBE)
values is in progress, and the results will be
published later.

The subjects were categorized by age as less than
30 years and 30 years and over at the time of
the A-bombs (ATB) to detect any age-related
differences in exchange aberration frequencies.
These two age groups were compared by dose
group (Table 2). The frequency of cells with
aberrations in controls appeared to be slightly
higher in the older people than in the younger
ones in both cities, but the difference was not
statistically significant. For the exposed, there
was no difference between the two age groups.
Though this comparison may at first appear
rather crude, but further breakdown into more
numerous age groups would lead to an insufficient
numbers of cases, preventing detailed analysis of
chromosomal radiosensitivity relative to age.

Types and Frequency of Chromosome
Aberrations

As described in the preceding section, since the
majority of chromosome aberrations observed
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TABLE 2 DISTRIBUTION OF CELLS WITH CHROMOSOME ABERRATIONS BY AGE AND DOSE -
HIROSHIMA AND NAGASAKI

#£2 HREMlaoEmNs L UBRNSGTE — L - B

Dose group Age group Cikié Cells Cells with all Cells with

(rad) (ATB) examined aberrations (%) exchanges (%)
Hiroshima
Control <30 120 10971 118 (1.08) 85 (0.77)
30+ 143 13443 176 (1.31) 125 (0.93)
1-99 <30 29 2571 56 (2.18) 44 (1.71)
30+ 41 3888 119  (3.06) 97 (2.49)
100-199 <30 58 5492 272 (4.95) 235 (4.28)
30+ 79 7142 354 (4.96) 293 (4.10)
200-299 <30 39 3442 308 (8.95) 267 (7.76)
30+ 33 3042 307 (10.09) 277 (9.11)
300-399 <30 28 2509 319 (12.71) 280 (11.16)
30+ 15 1387 170 (12.26) 153 (11.03)
400-499 <30 18 1749 259 (14.81) 237 (13.55)
30+ 12 1120 148 (13.21) 134 (11.96)
500+ <30 18 1683 252 (14.97) 235 (13.96)
30+ 16 1539 280 (18.19) 254 (16.50)
Nagasaki

Control <30 103 9946 130 (1.31) 82 (0.82)
30+ 53 4802 69 (1.44) 46  (0.96)
1-99 <30 34 3309 61 (1.84) 46 (1.39)
30+ 23 2163 42 (1.94) 31 (1.43)
100-199 <30 36 3405 57 (1.67) 45  (1.32)
30+ 26 2322 39 (1.68) 28 (1.21)
200-299 <30 34 3219 95 (2.95) 73 {2.27)
30+ 24 2224 55 (247 44  (1.98)
300-399 <30 17 1561 54 (3.46) 47 (3.01)
30+ 13 1192 40 (3.36) 36 (3.02)
400499 <30 14 1400 112 (8.00) 103 (7.36)
30+ 10 912 52 (5.70) 44  (4.82)
500+ <30 13 1266 158 (12.48) 149 (11.77)
30+ 3 300 48 (16.00) 47 (15.67)

were of the exchange type, it was necessary to
determine the kind of aberrations predominating
in the aberrant cells of the exposed, and these
aré described here. Since the data from both
cities were similar, only the results for Hiroshima
are given here.

All identifiable chromosome aberrations were
classified by the six types. The frequencies of
aberrations per cell were determined for each
aberration category by dose. Cells containing
more than 5 exchange aberrations of unidentifi-
able nature were- observed in both the controls
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TABLE 3 TYPE AND FREQUENCY OF CHROMOSOME ABERRATIONS BY DOSE — HIROSHIMA

#3 HRMNOEGEHRIEFEOMELEE — L&
Aberrations scored (per cell)
Dose group Cells
(rad) cramined” pgannis Ring Acentric TTans- Pericentric  pgjeion
location inversion

Control 24409 58%* 5 59 137 18 35
(.0024) (.0002) (.0024) (.0056) (.0007) (.0014)

1-99 6458 26 § 17 97 26 29
(.0040) (.0008) (.0026) (.0150) (.0040) (.0045)

100-199 12632 52 12 59 445 64 76
(.0041) (.0009) (.0047) (.0352) (.0051) (.0060)

200-299 6482 38 11 29 501 76 77
(.0059) (.0017) (.0045) (.0773) (0117) (.0119)

300-399 3896 31 10 14 428 67 76
(.0080) (.0026) (.0036) (.1099) (.0172) (.0195)

400499 2866 12 5 15 377 49 51
(.0042) (.0017) (.0052) (.1315) (.0171) (.0178)

500+ 3219 ¥ 8 21 +521 66 80
(.0099) (.0025) (.0065) (.1619) (.0205) (.0249)

Exposed Total 35553 191 51 155 2369 348 389
(.0054) (.0014) (.0044) (.0666) (.0098) (.0109)

*Cells with multiple aberrations of unidentifiable nature are excluded.

**Includes 1 tricentric with 2 acentrics.
***Includes 2 dicentric rings in 2 cells.

and the exposed: 35 in the 24414 control cells
(0.02%), and 11 in 35564 exposed cells (0.03%)
examined. These were designated as “‘cells with
multiple aberrations,” and were excluded from
any of the aberration categories, and from the
total examined cells.

The frequency of aberrations per cell clearly
increased with increasing dose in every aberration
group (Table 3). Of the six types of aberrations,
reciprocal translocations predominated in all
dose groups, and constituted the major contri-
bution to the dose-aberration relationship.

In contrast to the predominant symmetric
aberrations, asymmetric exchanges were far less
frequent, though a dose-aberration relationship
was nonetheless apparent. In order to demon-
strate more clearly the strong predominance of
symmetric over asymmetric aberrations, the
ratios of these two aberration types were
calculated, as shown in Table 4, Approximately
80% of exchanges in the low dose groups (1-99rad)
were of the symmetric type, gradually increasing
directly proportional to dose, reachinga maximum
of about 95% in the 400rad or more groups.
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TABLE 4 NUMBER OF ASYMMETRIC AND SYMMETRIC EXCHANGES BY DOSE - HIROSHIMA

#d4 BERPOFEABEL LUHBECERRER — 55
Exchanges
Daose Group Symmetric/Total
(rad) Asymmetric Symmetric Total

Control 63 155 218 0.711

1-99 31 123 154 0.799
100-199 64 509 573 0.888
200-299 49 577 626 0.922
300-399 41 495 536 0.924
400499 17 426 443 0.962
500+ 40 587 627 0.936

Asymmetric: dicentrics and rings
Symmetric: translocations and inversions

TABLE 5 NUMBER OF ABERRATIONS PER ABERRANT CELL BY
DOSE - HIROSHIMA

#5 4EEtHIo 1 MEHiaY 0 BE K — B
Dose Group Cells with y Aberration
(rad) aberrations* iR aons aberrant celsii

Control 289 312 1.08
1-99 174 200 1.15
100-199 624 708 1:13
200-299 613 732 1.19
300-399 489 626 1.28
400-499 404 509 1.26
500+ 529 728 1.38
Exposed Total 2833 3503 1.24

*Cells with more than 5 unidentifiable exchange aberrations are excluded.

Another interesting feature relative to dose was
that the number of aberrations per aberrant cell
increased with increasing dose (Table 5). This
suggests that the higher the dose, the more
complex aberrations induced in an aberrant cell,

Radiation-induced chromosome breaks and sub-
sequent rejoining to form exchange aberrations
seemed to occur randomly. We can assume that
the probability of a given chromosome being
involved in an exchange aberration is proportional
to its relative length. With this assumption, we
made the following analysis: all identifiable
chromosomes involved in the aberrations were
classified according to the seven chromosome
groups, A to G. The values observed in each
chromosome group were thus determined by the
frequency of chromosomes involved in each type
of aberrations. Expected values were derived
from the relative lengths of the metaphase

BB MGE L TRBOS S8 ) —2OFEREG, B
Afal Ly oRERIREE v 52
LThAH(£5). JhiE, BEFZHRIEEVIIRY,
fllathlcgshsBNHL M tTa &R
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BBk THEEENA2REFOONE T hiZF]
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TABLE 6 FREQUENCY OF CHROMOSOMES INVOLVED IN THE FORMATION OF EXCHANGE
ABERRATIONS. EXPECTED VALUES ARE BASED ON THE RELATIVE LENGTH OF THE
METAPHASE CHROMOSOMES (CHICAGO CONFERENCE 1966)'°

£6 ZMAUREHRCHET 5 REHOHERE. WHHEEMLEGEOEMMES" 2 k2

Chromosome group

2
Abberation Total x
A B C D E F G (df=6)
Male

Translocations Obs 496 290 602 291 217 61 82 2039 86.569

Exp 4826 248.6 7376 207.2 179.4 952 88.1 2039.0 pP<.01

Dicentrics Obs 27 27 60 13 18 3 8 156 10.885
Exp 36.9 19.0 56.4 15.8 13.7 7.3 6.7 155.8  .05<Pp<.10

Inversions Obs 95 25 22 2 2 1 1 148 155.855

Exp  35.0 18.1 535 15.0 13.0 6.9 6.4 147.9 P<01

Rings Obs 4 3 8 1 1 0 0 17 2.863
Exp 4.0 2.1 6.2 1.7 1.5 0.8 0.7 17.0  .80<P<.90

Female

Translocations Obs 611 369 823 392 272 97 102 2666 120.562

Exp 619.6 319.5 1020.0 265.8 230.3 122.2 88.5 2665.9 P<.01

Dicentrics Obs 49 24 97 22 22 7 3 224 5.993
Exp 52.1 26.8 857 223 19.4 10.3 74 2240 .30<P<.50

Inversions Obs 124 29 38 6 1 2 0 200 186.887

Exp 46.5 24.0 76.5 19.9 17.3 9.2 6.6 200.0 p<.01

Rings Obs 9 2 17 5 0 0 0 33 9.132
Exp 7.7 4.0 12.6 3.3 29 1.5 1.1 331 .10<P<<20

chromosomes as described in the Chicago
Conference report (1966)."° A chi-square test
(df=6) was then performed by comparing the
observed vs expected values for each type of
chromosome aberration.  Only the exposed
subjects were used in this analysis, and the data
were further analyzed by sex. As shown in
Table 6, the observed frequency in the yield of
dicentrics was not statistically different from the
expected; there was no significant difference
at the 30% level in females, and the difference
was suggestive at the 5% level in males. For
reciprocal translocations, the counterpart of
dicentrics, there was a statistical difference for
both sexes between the observed and expected
values. The difference was due to the increase in
the observed frequencies of chromosomes in
B, D, and E groups, and to the decrease in those
inCandF,

Since the number of rings were extremely few,
no definite conclusion was reached. In the case
of pericentric inversions, the counterpart of
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BEHEOHMMAREEASHELL. FhFhosE
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TABLE 7 FREQUENCY OF X; AND X, CELLS BY DOSE — HIROSHIMA
FT7 X kX, MlanHEEE — K&

Cells with dicentrics and rings

X1 X2
Dose group Total
(rad) With 1 scentric With 2 idgntical With(}ll.lt
acentrics acentric
1-99 24 (82.87.0) S 2 29
100-199 50 (92.6 £3.6) 1 3 54
200-299 37 (90.2 £4.6) 0 4 41
300-399 24 (75.0£7.6) 2 6 32
400499 9 (75.0%12.5) 1 2 12
500+ 23 (85.2%£6.8) 0 4 27
Total 167 (85.6 £2.5) 7 21 195

centric rings, observed values of the longer
chromosomes, such as in the A and B groups,
were markedly higher than expected, while
values in the median or smaller chromosomes,
such as in the C to G groups, were extremely
low. This suggests that the longer the chromo-
some, the higher the probability of its being
induced to form an inter-arm intrachange.

Cell Divisions and Chromosome Aberrations

Asymmelric chromosome aberrations were
considered to cause mitotic disturbances because
structural defects at the anaphase and telophase,
in turn, would lead to eventual cell death.”!
Therefore, scoring the cells that carry an
unbalanced chromosome constitution as a result
of unequal segregation of chromosomal material
through mitosis can be regarded a good index for
determining the frequency of cells which have
undergone at least one or more in vivo mitoses
after the induction of exchange aberrations.

Buckton and Pike'' classified cells with dicentric
and/or rings into two groups; 1) those with an
accompanying acentric, were designated as
X cells, and 2) those either without an acentric
or with two identical acentrics, probably of
common origin, were designated as X, cells, The
former (X, ) were considered to have undergone
no cell division after aberration induction, while
the latter (X,) passed through at least one or
more postirradiation mitoses, resulting in an
unequal segregation of acentrics. A comparison
of the distribution of X, and X, cells among
cells with asymmetric exchanges (Table 7)
showed that for every dose group 75% to 90% of
the observed cells‘were identified as X; cells.
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DISCUSSION

It has been well established by many in vitro and
in vivo experiments of human and mammalian
materials that the wield of chromosome
aberrations induced in somatic as well as germ
cells by ionizing radiation is closely related to the
dose administered.”'®  A-bomb survivors of
Hiroshima and Nagasaki are unique as large
human populations exposed to acute whole-body
ionizing radiation in large doses from a mixture
of neutron and gamma rays. Ample recent
evidence has shown that exchange chromosome
aberrations have persisted for more than 20
years in their somatic cells."'*'® Moreover,
these data suggest the existence of a radiation
dose-chromosome aberration relationship."!®
This relationship has been confirmed in the
present study for all of the known types of
radiation-induced chromosome aberrations, and
as the dose increased, more complex aberrations
were observed in an aberrant cell.

One of the most important features of the
present study was the difference between
Hiroshima and Nagasaki in the frequency of
aberrant cells. While the frequency of aberrant
cells in the controls was similar in both cities, the
values in every dose group were markedly higher
in Hiroshima than in Nagasaki (Table 1). The
shape of the curve derived from the observed
frequencies against the exposure dose appeared
to be linear for Hiroshima, but tended to be dose-
squared for Nagasaki. This difference may be
ascribable to the difference in the radiation
spectra between the two cities. The neutron
component was significantly larger in Hiroshima
than in Nagasaki (Table 1): in the latter the
gamma component was the major constituent of
the total air dose. A large body of experimental
evidence indicates that the dose-aberration
response curve for neutrons is linear, while for
gamma rays the relationship approximates a
dose-square curve.”® Furthermore, the rate of
chromosome aberration induction is higher for
neutrons than for gamma or X-rays.’

In cells exposed to ionizing radiation just before
initiation of culture, asymmetric exchange
aberrations are considered a sensitive indicator
for evaluating the dose-aberration response.”
This is also true for persons exposed to whole-
body ionizing radiation if the blood samples
for culture are taken immediately after radiation
exposure. Buckton et al'® reported that in
human volunteers who received whole-body
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exposures from 2 MeV X-rays at relatively low
doses of 17-50rad, there was fairly good correla-
tion between dose and yield of asymmetric
exchanges, although there were individual
differences. They further showed that there was
generally good agreement between in vivo
and in vitro irradiation data, even at low dose
levels. Ishihara et al'’ obtained similar results
from their study of persons accidentally irradiated
by iridium-192 gamma rays, on estimaling
individual absorbed doses by scoring cells with
dicentrics and rings, according to the formula
proposed by Sasaki,'®

In contrast to the usefulness of asymmetric
exchanges, symmetric aberrations such as
reciprocal  translocations and  pericentric
inversions are considered rather unreliable for
evaluating dose-aberration response, because such
aberrations are not easily detected, and varying
criteria for the aberrations as well as the
experience of the microscopist may influence
results. However, the strong predominance of
cells with symmetric rather than asymmetric
exchanges in survivors more than 20 years after
A-bomb exposure suggests that cells with
asymmetric exchanges have been eliminated from
the in vivo lymphocyte population by mitotic
events after irradiation, assuming that both
symmetric and asymmetric aberrations had an
equal probability of being induced by irradiation,
and that lvmphocytes with symmetric exchanges
have a greater opportunity to undergo normal
mitoses than do asymmetric ones.'” Although
we have no direct evidence that cells with
asymmetric exchanges are eliminated from the
in vivo lymphocyte population with time, some
experimental evidence supports this in man, and
in swine, 2!

Thus, it appears that radiation-induced symmetric
aberrations are more sensitive indicators of dose-
response relationship than are asymmetric
exchanges, particularly in those exposed to
ionizing radiation many years before cytogenetic
examination. It is imperative that standard
criteria be established for identifying symmetric
chromosome aberrations.

In spite of the difficulty in scoring cells with
symmetric aberrations, and the decrease in the
proportion of cells with asymmetric exchanges
long after radiation exposure, Sasaki and
Miyata,'® and Sasaki'® showed that both types
of radiation-induced chromosome aberrations
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were sensitive indicators in evaluating the
absorbed doses of Hiroshima A-bomb survivors.
They estimated individual doses by extrapolating
the observed chromosome aberration values by
using a formula derived from in vitro radiation
experiments using high energy X-rays.

Age difference is another important factor
influencing the radiosensitivity of cells in the
induction of exchange chromosome aberrations.
In in vivo radiation studies of regenerating mouse
liver cells, Curtis?**  observed that the
frequencies of induced chromosome aberrations
were higher in older than in younger mice. Using
human lymphocytes irradiated in vitro, Sasaki
and Tonomura** found that chromosomal radio-
sensitivity in terms of exchange aberration
inductions was elevated in neonates and fell with
age, to a stabilized level within 1 or 2 years.

In the present study, we compared the frequency
of cells with exchange aberrations among those
who were less than 30 years of age and those
aged 30 and over ATB. There was no statistically
significant difference between the two age groups
(Table 2), but we feel it premature to conclude
that there is no age effect on chromosomal
radiosensitivity in view of the rather crude age
categories used. Smaller and more numerous age
groups were precluded by the relatively small
population sample size. Though there are no
data, we must consider whether the elimination
of cells with aberrant chromosomes from the in
vivo lymphocyte population is constant at all
ages.

Judging from our culture sampling time, the
majority of observable metaphases is believed
to have been in the first in vitro cell division
(X; cells). There was, however, a small propor-
tion of cells in the second or subsequent cell
division in vitro, or X, cells. Some of these
X, cells would have been produced by successive
mitoses in vitro.2® An unknown proportion of
the remaining cells would already have divided
in vivo.

One explanation for the presence of X, cells
in vivo is that in A-bomb survivors who received
acute whole-body irradiation ATB, repopulation
of blood cells by active mitoses would have
occurred during recovery after acute radiation
symptoms. The majority of cells with asymmetric
aberrations would thus have undergone mitoses
with unequal segregation of chromosomal
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material, leading either to cell death or production
of X; cells in vivo. The presence of in vivo
clones of lymphocytes with induced chromosome
aberrations in those heavily exposed to the
A-bomb, or to fallout from nuclear tests, seems
to be evidence to support the in vivo production
of X, cells,1113:14:25,26

The majority of cells with asymmetric exchanges
were identified as X, cells (Table 7), which have
probably been dormant in the lymphocyte
population for many vears, without undergoing
mitoses, as was originally hypothesized by
Fitzgerald.?”

The present data provide examples of biologically
interesting phenomena, being that the number of
exchange aberrations produced is proportional to
the relative length of the participating chromo-
some. This applied particularly to dicentrics.?®
As stated earlier, the elimination of cells with
dicentrics or rings from the in vivo lymphocyte
population apears to increase nearly in propor-
tion to increasing dose. Our data indicate that
elimination of such cells probably occurred
randomly so that there is a random distribution
of chromosomes which participate in the
formation of dicentrics.

There is also a tendency withrespect to reciprocal
translocations, that the longer the chromosomes,
the more frequent they are involved in the
formation of exchanges. In these types of abnor-
malities, however, there is a considerably lower
frequency of C group chromosomes involved in
exchange formations when compared with the
expected value, This observation underscores
the difficulty in identifying individual chromo-
somes in this group, and it is largely responsible
for the statistical difference between the observed
and expected values.

Aberrations designated here as *‘deletions’ are
considered a result either of an incomplete
exchange or a terminal andfor interstitial
deletion, where the deleted acentric part is lost.
Since there was a positive relationship between
dose and the frequency of these aberrations, it
seems that the deletions result from an exchange
of incomplete form. A deleted part of an acentric
is likely to be lost from the cell through sub-
sequent mitosis,

Finally, recently developed techniques such as
Q-, G-, and C-band methods for identifying
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individual chromosomes have enabled us to
detect more accurately a variety of radiation-
induced structural rearrangements. An abnor-
mality, hitherto undetectable by conventional
staining can now be identified by these new
methods. For example, in addition to those
detectable by the conventional method, the use
of a trypsin G-band ‘cez:hnique:29 in cultured
lymphocytes from heavily exposed Hiroshima
A-bomb survivors, has made it possible to identify
a variety of abnormalities, such as paracentric
inversions, with an exchange at the equidistant
points from the centromere, and reciprocal
exchanges of equal lengths of chromosomal
material between the two chromosomes, Further-
more, exchange aberrations identified as simple
reciprocal translocations by the current method
are in fact more complex in nature involving
more than two chromosomes (Ohtaki and
Shimba, unpublished)., The frequency of cells
with symmetric exchanges observed in the
present study is likely to have been under-
estimated, in the light of these observations.

These new techniques, alone or in combination,
permit further detailed analysis of structural
chromosome aherrations and the determination
of the biological and clinical significance of
cells with radiation-induced chromosome
abnormalities, particularly in relation to the
possible etiology -of malignant neoplasms in man
as a late radiation exposure effect.
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APPENDIX f} $%

MF # Culture # Sex MF # Culture # Sex MF # Culture # Sex
Hiroshima . o - .

H 0149 F H 0064 F H 0251 F
0084 F 0112 F 0393 F
0748 M 0186 F 0659 M
0185 F 0195 M 0936 F
0007 M 0239 F 0974 F
0211 F 0166 ¥ 0937 F
1219 F 0986 F 0041 M
0100 F 0042 F 1210 F
1166 F 0143 F 0415 M
1486 F 0138 F 0109 M
1075 F 0324 F 0053 F
1433 F 0702 F 0444 F
0262 F 1122 F 1108 F
1157 F 0256 F 1106 F
0027 F 0399 M 0447 M
0668 M 0351 M 0030 F
0948 F 0503 M 0400 F
0183 F 0866 M 0769 M
0128 F 0572 M 0113 F
0125 F 0119 M 1035 M
0435 F 0132 F 1346 F
0157 M 0124 F 0631 F
0645 M 0260 F 1018 F
0023 F 0292 M 1076 F
0744 F 0321 F 1276 r
1202 M 0541 F 0116 F
1304 F 0340 F 0085 F
1350 F 0136 F 0294 F
0389 F 1424 M 1302 F
0427 M 1020 M 0505 M
0442 F 1229 F 0034 M
0077 F 0082 F 0635 F
0512 F 0231 M 0338 M
0407 M 0n79 M 0438 F
0181 M 0086 M 0163 M
0938 F 0146 F 0103 F
0791 M 0190 F 0980 F
0509 F 1073 F 0135 F
0051 M 0022 F 0630 F
0348 F 0625 M 0939 M
0006 M 0413 M 0446 M
1255 F 0078 M 0245 F
0240 F 0088 F 0154 M
0366 F 0218 F 0068 F
1363 F 0618 M 0066 M
0002 F 0169 M 0151 M
0046 F 0055 M 0961 F
0233 F 0437 F 0506 F
1038 F 0150 F 0947 B
0682 M 0134 M 0515 F
0776 F 0375 M 0314 F
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Continued #i %

MF # Culture # Sex MF # Culture # Sex MF # Culture # Sex

H0663 M H 1041 F H 1072 F
0957 M 1130 F 0059 F
0463 M 0925 M 0175 F
0379 F 0450 F 0530 F
1014 F 0180 E 1418 M
1037 F 0120 F 0160 F
0028 M 1095 F 0238 F
0990 M 0359 M 0202 F
0607 F 0049 F 0991 M
1027 F 1237 F 0419 F
0306 M 0108 F 0127 F
0024 F 0441 M 0449 M
0323 F 0296 M 0953 M
1186 F 0315 M 0054 M
0344 F 1312 F 0336 F
0123 F 0037 F 0035 M
0153 M 0156 M 1006 F
0362 F 0232 M 0168 K
0147 B 1016 M 0114 M
0200 F 0101 F 0110 F
1435 M 0043 F 0337 F
0029 M 0199 F 0250 M
0508 M 0308 M 0960 M
0428 M 1044 F 0090 F
1283 F 0483 F 1366 F
0923 F 0008 F 0111 M
0397 F 0263 F 0087 M
0318 F 0996 M 0759 F
0246 F 0949 F 0485 F
0955 F 0142 F 0184 F
0391 M 0417 F 0376 M
0073 F 0579 M 0161 F
0076 F 0126 F 0679 F
0919 F 0178 F 0372 F
0891 F 0970 M 0997 M
0303 F 0390 F 0946 F
0065 F 0057 F 0038 M
0219 F 0031 M 0872 M
1068 F 0373 M 0152 M
1025 F 0665 ¥ 0063 F
0009 F 0753 M 1126 F
1419 P 0167 F 0554 F
0080 M 0368 F 0431 M
0131 M 0614 M 0511 M
0612 M 0115 F 0355 F
0048 M 0287 F 1005 F
0069 F 0197 M 0174 M
0969 M 1159 M 0129 F
0118 M 1244 M 0176 F
0471 M 0097 F 0440 F
1398 F 1048 F




RERF TR 12-77

Continued # %

MF # Culture # Sex MF # Culture # Sex MF # Culture # Sex
HO0445 F H1264 F HO782 I
0453 F 0311 F 0598 M
0430 M 0145 M 0019 M
0089 M 0654 M 0254 M
0569 F 0335 F 0309 F
0204 F 0983 F 0374 M
0394 F 0454 F 0003 F
0846 F 0214 M 0117 F
0641 M 0252 F 0993 F
0862 M 1079 F 0531 M
0383 F 0363 F 0011 M
0242 M 0243 M 0302 F
0412 F 0140 M 0388 F
0297 M 0099 I 0367 F
0203 F 0165 F 1101 5
0319 r 1377 M 0343 F
0988 M 1015 F 1320 M
0422 F 0334 M 0212 M
0342 F 0192 F 0247 M
0922 M 0920 M n329 F
0148 M 0433 M 1318 )
0098 M 0301 F 1021 F
0130 F 0424 M 1251 F
0304 M 0017 M 0403 M
0325 M 0196 F 0345 F
0010 F 1448 M 0349 M
0164 F 0377 M 0179 M
0418 F po21 M 0096 M
1278 F 0198 F 0806 M
0261 F 0401 F 0044 F
0548 F 0172 F 0976 M
0573 F 0061 F 0171 F
0396 F 0013 F 0405 I
1316 M 0094 F 0320 M
0106 F 0457 F 0608 F
0091 F 0606 M 0350 M
0563 M 0071 M 1221 F
0689 M 0502 F 0364 F
1421 M 0613 M 1523 r
0958 M 0365 F 0300 F
0173 M 0144 M 1389 F
0353 F 1053 F 0004 M
0249 F 1008 F 0234 F
0330 M 0299 M 0704 F
0060 F D466 M 0667 F
0015 F 1190 M 0402 M
0241 M 0070 M 1003 M
0411 F 0443 F 1446 F
0081 F 1098 F 0935 F
0189 F 0257 F 0865 M
M M

0236 0657 M 0317
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Continued #t &

[ 72]
o |
-

MF # Culture # Sex MF # Culture # Sex MF # Culture #

H 0720 F H 1191 F H 0074 M
0018 M 0187 F 0434 F
1189 F 0047 M 0787 M
0310 F 1176 F 0313 F
0680 F 0794 F 1009 M
N666 M 0095 M 0201 F
0341 F 0966 F 0797 M
0476 F 1010 M 1023 F
0660 M 0209 F 0429 M
0930 M 0520 F 0067 M
1338 M 1400 F 1404 F
1356 F 0964 M 0062 F
0107 F 0673 F 0978 F
0016 F 1286 F 0229 F
1343 F 0102 M 0952 F
0188 M 1116 M 0992 F
0998 F 1261 F 0477 F
0398 F 0316 M 0191 F
0058 M 0482 F 0361 F
0944 F 0307 F 0386 F
1436 F 0982 M 0032 F
0813 M 0954 M 0182 M
0593 F 0295 F 0045 F
0410 F 0121 F 0005 F
0451 F 1358 F 0050 F
0890 M 0977 F 0001 F
0122 F 0083 F 0542 F
0327 F 0740 M 0139 M
0026 F 0475 F 1294 F
0385 F 0305 F 0507 F
0033 M 0039 F 0989 F
0387 F 1017 F 0480 M
0155 F 1088 M 0258 M
0358 F 0436 F 0357 M
0020 M 0414 F 0392 F
0381 F 0420 F 1281 M
1426 M 0264 F 0941 M
0014 F 0644 F 1029 M
0395 F 0962 F 0425 M
0360 F 0513 F 0312 r
0347 M 0956 M 0025 M
0596 M 0561 M 0928 M
0408 F 1290 M 0634 M
0255 M 0707 F 1317 M
0460 M 1440 M 0141 M
1427 F 0380 M 0036 F
1227 F 0416 F 0527 M
0459 F 0093 F 0105 M
0332 F 0691 F 0848 F
1151 F 0621 F 0404 F
0056 M 0193 M 0406 M
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Continued  &f =

MF # Culture # Sex MF # Culture # Sex MF # Culture # Sex
H 1311 F N 0716 F N 0523 M
1394 F 0213 F 0674 M
1334 F 0735 M 1167 F
1236 F 0096 F 0330 F
1298 F 1311 F 0772 F
1269 M 0254 F 1328 F
1415 M 0599 M 0701 M
1206 F 0667 F 0665 M
0931 F 0014 F 0695 M
1069 F 0264 F 0249 M
1138 M 0731 F 0131 M
0346 F 0080 F 0231 M
0235 M 0787 F 0197 M
0384 F 0399 M 0392 M
0538 F 0758 M 0209 F
0133 F 0085 M 0078 M
1060 M 0252 F 0076 M
1401 M 0055 i 0362 F
0259 F 0746 F 0631 F
1272 F 0009 M 0046 F
no92 F 0626 F 0056 M
1140 F 0574 F 0265 M
1444 F 0337 F 0102 F
no12 F 0050 F 0672 F
0328 F 0404 F 0045 M
1155 F 0402 M 0359 F
0942 F 0090 F 0115 F
0867 F 1336 M 0326 F
0745 F 0324 M 0135 M
0439 F 0302 F 0612 F
0421 M 0633 M 0726 M
1111 F 0316 M 0529 F
1181 F 0038 B 1326 M
1249 F 0152 M 0553 M
0567 F 0710 F 0334 M
0137 F 0272 F 1315 M
0270 F 1312 M 0347 M
1275 M 0656 M 0228 F
0034 F 0824 F
Total 649 0261 F 0322 M
0730 F 0718 M
0374 F 0165 F
Nagasaki 0817 iy 0325 M
N 0743 F H 1301 M 0193 F
0511 F N 1350 F 0606 F
0186 F 0031 M 0292 M
0309 M 0650 M 0641 M
0481 M 0127 F 0715 F
0754 F 1331 F 0685 F
0039 F 0064 F 0714 M
0300 F 0112 M 0284 M
0801 F 0369 F 0243 F
0061 M 0275 M 0042 F
0139 F 0083 F 0094 M

[
rJ
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Continued #F %

MF ## Culture # Sex MF # Culture # Sex MF # Culture # Sex
N 0645 F N 0205 F N (0149 F
0219 F 0217 F 0051 F
0036 M 0111 F 0160 M
0414 F 0248 F 0690 F
0640 F 0403 M 0214 M
0625 F 0259 F 0760 F
0417 M 1305 M 0289 F
0262 F 0236 F 0140 M
0077 F 0658 M 1304 F
1348 F 1300 F 0340 F
0066 M 1301 F 0293 M
0283 F 0052 F 0600 I
0257 M 1343 F 0819 M
0097 F 0720 M 0301 F
0103 M 0444 M 0705 F
0361 F 0154 F 0598 F
0075 M 0363 M 0603 F
0203 M 0380 F 0191 F
0304 M 0375 F 0151 M
0830 F 0611 F 0536 F
0BO& M 0376 F 0723 F
0804 F 0749 M 0339 F
0684 F 0223 M 0232 M
0144 F 0298 T 0610 M
0653 F 0722 F 0679 F
0360 F 0246 M 010 F
0195 M 0218 F 0247 M
1325 F 0303 F 0789 r
1332 F 0285 M 0142 M
0702 M 0662 F 0616 F
0200 M 0095 M 0809 F
0389 F 1320 F 0814 F
0224 M 1302 F 0741 F
1351 F 0397 F 0373 I
0318 M 0638 F 0668 M
0496 F 0263 F 0119 F
0276 F 0427 M 0449 F
0759 M 0811 F 0342 M
0004 F 0613 F 0803 F
0314 M 0689 F 0429 M
0150 r 0822 F 1355 F
0190 F 0194 F 0818 M
0216 M 0597 M 0317 M
0141 F 0222 M 0211 M
0220 M 0773 M 0571 M
0287 F 0632 M 0608 F
0208 F 0753 F 0087 M
0669 F 0622 M 0335 F
0148 F 0315 M 0117 F
0138 M 0659 F 0700 M
0241 F 0617 F 0025 F
0381 F 0724 F M

0295
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Continued #i %

ME # Culture # Sex MF # Culture # Sex MF # Culture # Sex
N 0779 F N (0829 F N 0783 M
0775 F 0736 F 0307 M
0328 F 0826 F 0815 F
0274 M 0408 F 0196 I
0757 M 0544 M 0786 M
0132 F 0079 M 0082 F
0198 M 0277 3 0747 M
0463 5 0745 F 1337 M
0630 F 0327 M 0694 F
0816 F 1352 M 0707 M
0696 F 1338 M 0733 M
0828 M 1308 M 0460 F
0297 M 0260 P 0675 E
0686 F 0812 M 0291 M
0091 F 0136 M 0683 M
0167 M 0183 F 0712 F
0771 M 0071 M 0751 F
0134 M 0010 M 0704 M
0235 M 0657 F 0706 F
0212 F 0118 F 0677 F
1357 M 0393 M 0480 M
0396 M 0412 M 0742 F
0143 F 0642 M 0332 M
0156 F 0253 M 0107 M
0057 M 0098 F 0602 F
0398 M 0357 M 0732 M
0312 F 0001 F 0321 M
0089 M 0296 F 0290 I
0122 F 0178 ¥ 0145 F
0476 F 0286 F 0663 M
0153 M 0049 B 0092 F
0182 M 0805 F 0372 M
0331 M 0043 M 1345 M
0643 F 07717 M 1349 M
0323 M 0709 M 0063 F
0299 F 0130 F 0306 M
0582 P 0288 F 0729 F
0820 F 0202 F 0713 M
0405 M 0329 M 1322 M
0054 F 0320 F 0793 F
0693 M 0728 F
0727 M 0093 M Total 403
H 1031 M 0239 F
F 0368 F

N 0273




