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Summary The present report describes the G-band analysis of somatic 
chromosomes in lymphocytes from 63 A-bomb survivors in Hiroshima 
to determine the type and frequency of radiation-induced chromosome 
aberrations. (1) The cells with stable-type chromosome aberrations (Cs 
cells) predominated among the aberrant ceils, and showed a dose-dependent 
increase. All stable chromosome aberrations were classified into nine 
categories: reciprocal translocations, translocations of complex type, 
insertions, complex exchanges, peri- and paracentric inversions, terminal 
and interstitial deletions, and unidentified rearrangements. The fre- 
quencies of aberrations were found to increase with increasing dose for 
all aberration categories. Reciprocal translocations predominate in all 
dose ranges and among the chromosome aberrations classified. (2) The 
linear model was fitted to test the dose-response relationship for Cs cell 
frequencies. Employing a constant neutron RBEs of 10, an estimated 
linear slope of 15.2~/Sv was obtained for DS86 bone marrow dose with 
an intercept of 2.9~ at dose 0. (3) Statistical analysis of data on 3,370 
break sites showed good correlations between relative DNA content and 
the distribution of chromosome breaks involved in translocations, al- 
though the involvement of chromosome 1 is significantly higher. 
Key Words chromosome aberrations, G-band, A-bomb survivors, 
dose-response 

INTRODUCTION 

Dicentric and ring chromosomes, termed unstable chromosome aberrations, 
have long been considered as a sensitive biological indicator of the absorbed radia- 
tion dose, because they can be identified efficiently and accurately. However, the 
use of dicentric chromosome frequencies for biological dosimetry is complicated 
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because the frequency of cells carrying such chromosomes decreases with time 
after exposure. Furthermore, there are some technical difficulties in scoring stable 
chromosome aberrations, such as reciprocal translocations and inversions. 

In our previous studies using a conventional cytogenetic technique, it had been 
found (1) that chromosome aberrations persist for decades after exposure to A- 
bomb radiation in circulating lymphocytes of the A-bomb survivors and (2) that 
the frequency of cells with chromosome aberrations are proportional to the estimated 
radiation dose assigned to each survivor. Among the chromosome aberrations 
detected, reciprocal translocations and inversions, customarily referred to as "stable 
chromosome aberrations," predominate over unstable ones, and thus they are the 
principal contributor to the dose-response relationship in A-bomb survivors (Awa 
et al., 1971, 1978; Awa, 1983; Awa et aI., 1984; Awa, 1991). Repeat cytogenetic 
examinations of the survivors have provided evidence that the frequencies of cells 
with stable aberrations have remained unchanged with time in persons irradiated 
in vivo (Buckton et al., 1978; Buckton, 1983). 

Banding methods for identifying individual chromosomes have enabled us to 
detect more accurately various radiation-induced structural rearrangements, especially 
those stable chromosome aberrations hitherto undetectable by the conventional 
staining method; these include paracentric inversions and intra- and inter-chromo- 
somal exchanges with chromosomal segments of equal length. 

In our previous study, the type and frequency of chromosome aberrations were 
determined in 23 Hiroshima A-bomb survivors, first using conventional staining 
and then G-banding technique for the same metaphases. According to this anal- 
ysis, the scoring efficiency of cells with chromosomal aberrations by conventional 
staining, relative to that of G-banding, was 0.7-0.8 (Sofuni et al., 1978; Ohtaki et al., 

1982), though it varied from case to case. However, no attempt was made in the 
previous study to analyze the chromosome aberration frequency by estimated radia- 
tion dose for individual survivors because of the paucity of cases and of cells per 

case ,  

The main purposes of this study are (1) to clarify the types and frequencies of 
radiation-induced chromosome aberrations as determined by G-banding in 63 A- 
bomb survivors in Hiroshima, (2) to determine the relationship between chromo- 
some aberration frequencies and DS86 bone marrow doses assigned to each survivor, 
(3) to analyze the distribution of chromosome breaks involved in the formation of 
translocations, and (4) to compare the frequencies of the Cs cells between conven- 
tional and G-banding analyses for the same A-bomb survivors. 

MATERIALS AND METHODS 

Sample  Select ion.  The data consist of the blood samples collected from 
1977 to 1987 from A-bomb survivors in the RERF Adult Health Study (AHS) Co- 
hort (Hollingsworth and Beebe, 1960) in Hiroshima. Initially, the study subjects 
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were selected randomly for repeat cytogenetic examinations using their estimated 
radiation dose based on the T65D dosimetry (Milton and Shohoji, 1968). The 
sample cases in the present analysis were selected as the 2nd program of the 
cytogenetic study, the detail of which has been described in the report of Preston 
et al., (1988). Of the 94 survivors selected for the G-banding analysis, excluded 
were those (1) who were not in the city at the time of bombing (5 cases), (2) who 
had an estimated DS86 kerma of 4 Gy or more (10 cases), based on the criteria for 
selection of cases for cytogenetic analyses (Preston et al., 1988), (3) whose dose 
estimates were not available (8 cases) (Roesch, 1987), and (4) who were diagnosed 
as having cancer (8 cases), including those having received radiotherapy. Thus 
remaining 63 survivors, 11 distally exposed (0-Gy) and 52 proximally exposed (0.01- 
3.99 Gy), were eligible for the present analysis, as shown in Table 1. 

Among the proximally exposed survivors, 9 were subjected to repeat exam- 
ination to test whether there were any differences in the types and frequencies of 
chromosome aberrations. The difference in the mean frequencies of cells with 
stable-type chromosome aberrations (Cs cells) was not statistically significant ( p =  
0.98) between samples obtained from the same individuals. Therefore, combined 
data on the aberration frequencies from the same survivors were used in this study. 
Organ dose to the bone marrow was considered appropriate for estimating the dose 
relationship for chromosome aberrations, using the neutron RBE of 10 (Sposto et 
al., 1990). 

Control consisted of 11 subjects exposed distally, more than 2,500 meters from 
the hypocenter. The remaining 52 subjects were the survivors exposed proximally 
with DS86 doses of 0.01 Sv or more. These survivors were divided into the follow- 
ing 4 dose categories: 0.01-0.99 Sv, 1.00-1.99 Sv, 2.00-2.99 Sv, and 3.00-3.99 Sv. 

Table 1. Number of Hiroshima A-bomb survivors selected for G-banding analysis. 

Exposure 
status 

Distally exposed 

Proximally exposed 

DS86 No. of No. of 
kerma dose cases cases 

(Gy) sampled analyzed 

0-0. 004 11 11 

NIC �9 5 -- 
Subtotal 16 11 

0.01-0.99 17 16 
1.00-I. 99 17 16 
2.00-2.99 17 14 
3.00-3.99 9 6 
4.00- 10 -- 
unknown 8 -- 
Subtotal 78 52 

Total 94 63 

a Not-in-city group (see text). 
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Further breakdown was made in terms of the number of subjects and of cells ex- 
amined (Table 2). 

Culture methods. Peripheral lymphocytes were cultured using the whole-blood 
culture method of Hungerford (1965), with an incubation of 52 hr during the period 
1977 to 1982, and of 48 hr from 1983 to date. Colchicine was added to the cultures 
during the last 2 hr of incubation. The culture medium used in this study was 
Eagle's MEM (GIBCO, Grand Island) until 1982 and RPMI 1640 (GIBCO) since 
1983. Preliminary tests showed no differences in chromosome aberration fre- 
quencies between 48 and 52 hr of culture or between the two culture media. 

Slides were prepared by hypotonic pretreatment with a solution of 0.075 M 
KCI and 1 ~o sodium citrate, followed by treatment with a 3:1 methanol/acetic acid 
solution and air-drying. Ten of the 25 slides per sample were stained for 20 rain 
with 2 ~  Giemsa solution for conventional staining analysis. The remaining 15 
slides were used for G-banding analysis. The G-banded Preparations were a minor 
modification of the trypsin technique of Seabright (1971); metaphases were treated 
in a 0 . 2 ~  trypsin solution (1:250, GIBCO) for 10 to 20 sec at room temperature, 
washed with water to prevent trypsin digestion, and finally stained with a 2 ~  
Giemsa solution for 10 to 15 rain. 

All slides were coded, and microscopic analyses were carried out without 
knowledge of individual exposure status. In each case, an attempt was made to 
analyze 200 metaphases. However, there were a few instances with poor mitoses, 
in which less than 50 metaphases were analyzable; these were excluded from this 
study. 

All G-banded well-spread metaphases were photographed for karyotype anal- 
ysis. All of the cells with definite or suspected aberrations in G-banding patterns 
were karyotyped using the printed photographs to determine the type of radiation- 
induced chromosome aberrations. 

Following the ISCN (1985), stable chromosome aberrations were classified 
into nine types for aberrations: (1) reciprocal translocations [t], inter-chromosomal 
interchanges; (2) pericentric inversions [inv-peri], intra-chromosomal interchanges; 
(3) paracentric inversions [inv-para], intra-arm interchanges; (4) terminal deletions 
[del-ter], loss of an acentric segment produced from the broken chromosome in 
the complement; and (5) interstitial deletions [del-int], loss of acentric material in 
a mid-portion of the broken chromosome arm. Complex aberrations are classified 
into three groups (Ohtaki et al., 1982): (6) either direct or inverted "insertion [ins]" 
as a result of three-break rearrangements, (7) translocations of complex type [t-cx] 
produced from sequential exchanges between broken segments due at least to three 
breaks, and (8) "complex exchanges [e-cx]" three- or more-break rearrangements 
by a combination of a reciprocal translocation(s) co-existing with other aberrations 
such as insertions and inversions that involve more than three breaks. Certain 
aberrations were so complicated that banding analyses could not specify the types 
and origins of aberrations, thus they were termed "unidentified" and categorized as 
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the 9th type of aberrations. 
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RESULTS 

Frequency of cells with chromosome aberrations 
Table 2 shows the G-banding data on the frequency of cells with chromosome 

aberrations. The mean frequencies of Cs and Cu cells derived from 1,487 ceils in 
11 of the distally exposed group, referred to as the control group, were 2.90 ~ and 
1.01 ~ ,  respectively, whereas those from the 8,103 metaphases in 52 of the prox- 
imally exposed group were 25.87~ and 1.00~, respectively. In the exposed group, 
more than 9 5 ~  of the total aberrant cells were occupied by Cs cells. In contrast, 
there was no difference in frequencies of  Cu cells between control and exposed 
groups; i.e., 1.01 ~ versus 1.00~. The aberrant cell frequencies in the exposed 
group were further classified into 4 dose categories; 0.01-0.99 Sv, 1.00-1.99 Sv, 
2.00-2.99 Sv, and 3.00-3.99 Sv. There was a dose-dependent increase in Cs cell 
frequencies as shown in Table 2:10.61 ~ ,  26.11 ~ ,  38.74~, and 46.61 ~ for 0.01- 
0.99 Sv, 1.00-1.99 Sv, 2.00-2.99 Sv, and 3.00-3.99 Sv, respectively. Here again, 
no consistent increase in Cu cell frequencies was observed. 

Types and frequencies of chromosome aberrations 
Stable aberrations. Table 3 shows the frequencies in percentage for each of 

the nine stable chromosome aberration types described above, with further break- 
down by 4 dose groups for the proximally exposed. In the control group, all types 
of  aberrations were observed. In particular, both translocations and terminal 

Table 2. Mean frequencies (~) of aberrant cells by G-band. 

Mean Total ~ of aberrant cells Dose No. of dose cells 
Group (Sv) a (Sv)  subjects  examined Cs cells Cu cells b Total 

Dist. 0-0. 004 0 11 1,487 2.90 1.01 3.91 
(+1.66) (• (• 

Prox. 0.01-0.99 0. 536 19 1,783 10.61 0.78 11.39 
(• (_+7.62) (• (_+7.87) 

1.00-1.99 1. 555 18 3,381 26. 11 t. 05 27. 17 
(--+0.326) (+9.96) (• (• 

2.00-2.99 2. 354 12 2, 199 38.74 0.99 39.73 
(• (___11.31) (• (• 

3.00-3.99 3. 371 3 740 46.61 I. 61 51.22 
( i0.  129) (i7.57) (_• (• 

Subtotal 52 8, 103 25.87 1.00 26. 86 
(___15.52) (• (• 

DS86 Bone Marrow dose (neutron RBE of 10). b No dose dependent increase in Cu cells fre- 
quencies was observed (p=0.36). Dist., distally exposed group; Prom, promixally exposed group. 
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Table 3. 
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Mean frequencies (%) of chromosome aberrations by G-band 
in 63 A-bomb survivors. 

Group Dist. Prox. 

Dose (Sv) 0-0. 004 0.01-0.99 1.00-1.99 2.00-2.99 3.00-3.99 Total Frequency 
per Sv a 

No. of metaphases 
per case 135.2 89.2 135.2 157.1 148.0 126.6 

Type of aberrations 
t 1.20 6.07 19.43 31.71 39.38 19.50 11.70 

(• (• (-+9.01) (&12.68) (_+9.57) (_+14.12) 

t-cx 0. 12 0.04 0. 37 1.07 2.57 0.59 0.48 
(• (_+0.18) (_+0.68) (_+1.08) (_+1.72) (_+1.05) 

ins 0.06 0. 19 0.58 0.66 0.80 0.49 0.26 
(• (_+0.48) (_+0.76) (_+0.80) (+_0.31) (_+0.69) 

inv-peri 0.32 1.17 3.13 5.90 6.51 3.39 2.05 
(_+0.51) (• I5) (-+3.24) (+3.44) (_+2.37) (-+3.46) 

inv-para 0.09 0. 81 1.22 0.88 2.49 1.12 0.39 
(+_0.19) (-+0.89) (+1.08) (_+1.00) (• (-+1.08) 

del-ter 0.76 2.57 4.67 7.54 6.74 4.80 2.40 
(• (-+2. 57) (-+3.79) (• (+3.06) (-+3.85) 

deMnt 0. 13 0.29 1.52 2.03 1.53 1.25 0.78 
(• (• (_+1.44) (+1.43) (-+1.14) (-+1.36) 

e-cx 0.10 0.20 0.44 0.98 2.81 0, 67 0.52 
(• (_+0.43) (+0.75) (-+1.03) (_+2.42) (_+1.16) 

unidentified 0.47 0.36 0.41 0.70 1.48 0. 54 0. 17 
(_+0.60) (• (_+0.60) (_+1.05) (• (• 

Total aberrations 3.25 11.70 31.77 51.49 64.41 32.36 18.98 
(_+1.77) (• (-+14.41) (+_20.73) (-+12.60) (_+22.32) 

a Computed using linear regression models. The rate indicates the change in the percentage of 
aberrations per Sievert. t, reciprocal translocations; t-cx, translocations of complex type; ins, 
insertions; inv-peri, pericentric inversions; inv-para, paracentric inversions; del-ter, terminal de- 
letions; del-int, interstitial deletions; e-cx, complex exchanges; Dist., distally exposed group; Prox., 
proximally exposed group. 

delet ions were found  to be p redominan t ,  being 43 % and  22% of  the  to ta l  aber ra -  

t ions,  respectively,  i.e., t r ans loca t ion  f requency in the cont ro l  was 1.2 % of  the to ta l  

cells observed.  
Genera l  features  for  the presence o f  c h r o m o s o m e  aber ra t ions  in the  exposed  

group  were as fo l lows:  all nine types o f  aber ra t ions  increased a lmos t  l inear ly with 

increasing b o n e - m a r r o w  dose.  As ant ic ipated ,  frequencies of  complex  exchanges 

such as t-cx and  e-cx, as well as the  unident i f iable  type,  increased sharp ly  with in- 
creasing doses. The  p r edominance  o f  rec iproca l  t rans loca t ions  was demons t r a t ed  

in all dose categories ,  ranging  f rom 53 % in the 0.01-0.99 Sv dose ca tegory to 67 

in the  3.00-3.99 Sv category.  The  t r ans loca t ion  f requency per  Sv was 11.70%, 

being the highest  a m o n g  all types of  s table aberra t ions .  The present  results con- 
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firmed earlier observations that transloeations are primary contributors to the dose- 
response relationship in A-bomb survivors. This finding seems relevant to the 
use of the fluorescence in situ hybridization (FISH, or "chromosome painting") 
technique to measure translocation frequency as a biological indicator for persons 
exposed to irradiation in vivo. 

There was also a dose-dependent increase in the frequency of inversions, both 
inv-peri and inv-para types. It is noteworthy that inversions of paracentric type 
can be identified only using G-banding analysis. The absolute values of interstitial 
deletions, del-int, were low in frequency, but their increase with radiation dose was 
also noted. 

For the remaining types of chromosome aberrations, mean frequencies per 
Sv increase with increasing bone-marrow doses, as shown in the right column of 
Table 3. 

Some of the aberration types were known to be undetectable by the conven- 
toinal staining analysis. For example, insertions [ins] cannot be discriminated from 
usual reciprocal translocations. The same was true for deletions between terminal 
[del-ter] and interstitial [del-int] types. 

The stable aberration frequency per aberrant cell showed a tendency to gener- 
ally increase with increasing doses (data not shown here). 

Unstable aberrations. As for unstable chromosome aberrations, there were 3 
dicentrics and 9 acentrics that were associated with neither dicentrics nor rings, in 
the controls, whereas there were 39 dicentrics, 12 rings, and 29 acentrics in the ex- 
posed group. As mentioned above, there was no substantial difference in unstable 
aberration frequencies between control and exposed groups. 

Cells having more than 5 unstable exchange aberrations of unidentifiable nature 
were observed both in control and exposed groups (2 cells in the control, and 4 
cells in the exposed). They were termed "cells with multiple chromosome aber- 
rations," some of which resembled "rogue" cells as reported by Awa and Neel 
(1986) and were excluded from the analysis. 

Relationship between radiation dose and aberration frequency 
The number of Cs cells are revealed by G-banding analysis and the total num- 

ber of cells examined for each sample were used in describing the relationship between 
the proportion of aberrant cells and dose. For this purpose, binomial regression 
models of the form 

E(a ;n)=np  =nflx ( 1 ) 

have been used, where for each sample a is the observed number of cells with aber- 
rations, n is the total number of cells scored, p is the estimated proportion of cells 
with aberrations, x is a vector of covariates including functions of dose in Sv, and 

is a vector of parameters (see Preston et al., 1988). In the standard binomial 
regression model, the variance of an observation depends on the true value of p, 
in particular 
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V(a ;n) -np( l  -p ) .  ( 2 ) 

In the previous cytogenetic studies using conventional method, it was found 
that the variability of the observed number of Cs cells among persons within a dose 
category appeared to be much greater than one would expect with a binomial model 
in which the aberration rate was a linear or quadratic function of dose. A recent 
study by Pierce et al. (1989) indicated that random errors in radiation exposure 
estimates would cause part of the overdispersion of Cs cell frequencies. To adjust 
for this overdispersion, it is assumed that, given p, the variance of the number of 
Cs cells is given by 

V(a ;n)=np(1 - p) + p(np) 2, (3) 

where p is a parameter to be estimated. This model does not differ appreciably 
from the beta-binomial model (Preston et al., 1988). In the present study, the 
estimation of the parameter vector/3 and p was made using iteratively reweighted 
least squares with the weights at each iteration determined by the variance function. 
This corresponds to the iterative use of the method of quasi-likelihood. 

Figure 1 shows the frequencies of Cs cells for individual survivors plotted 
against DS86 bone-marrow dose employing a constant neutron RBE of 10. Co- 
efficients for both linear and linear-quadratic models derived from Eqs. (1) to (3) 

Fig. l. 

t I I I 

I .2 

40 

e-- 

e I 

O-  - I , I , 

0 1 2 3 4 

DS86 bone-marrow dose (Sv) 

The frequencies of Cs cells are plotted against the DS86 dose to the bone mar- 
row, assuming a neutron RBE of 10. The solid line shows a regression line 
through data on 52 proximally exposed and I1 distally exposed survivors. 
Parameter estimates in the linear model were computed by quasi-likelihood 
models allowing for overdispersion (Preston et al., 1988). Cs cell data were 
obtained from the G-banding analysis. Error bars show the uncertainty for the 
individuals (one standard deviation). 
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Regression coefficients and significance tests in linear and linear-quadratic 
models of the percentage of cells with stable aberrations. 
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Dosimetry Model Regression coefficients 

DS86 bone marrow dose (Sv) Linear mode/ Intercept 2.9+ 0. 50 

Slope 15.2+ 1.08 

p 0.13 
Intercept 2. 8 + 0.51 

Linem 16.7+2. 65 

Quadratic -0.  8 + 1.25 

p 0.13 

Linear-quadratic model 

Parameter estimates were computed using quasi-likelihood models that allow for overdispersion. 
The intercept is an estimate of the percentage of cells with aberrations among persons whose esti- 
mated dose is 0 Sv. The slope indicates the change in the percentage of ceils with aberrations per 
Sv; p is the overdispersion parameter (Preston et al., 1988). 

for the present G-banding data are shown in Table 4, in terms of the values for the 
intercept (at the 0-Sv level), the slope (aberration frequency per Sv), and p (over- 
dispersion parameter). 

The data on the present statistical analysis indicated that, for the linear regres- 
sion model, the slope of 15.2+ 1.1 ~ and the intercept of 2 . 9 + 0 . 5 ~ ,  with an over- 
dispersion parameter p of  0.13, were obtained. The values for the first term of 
16.7 _+2.7~, second term of -0.8__+1.25~, and the intercept of 2.8 _0 .5~  with a 
p of 0.13 gave the best fit to the linear-quadratic model. The present results in- 
dicated that the dose-response for stable aberration frequencies in Hiroshima sur- 
vivors can be best fitted to the linear model. For  the linear-quadratic model, 
the quadratic term was negative, though it was not statistically significant. 

The variability in Cs cell frequencies in a given dose range was still observable. 
This means that there is a small fraction of survivors whose aberration frequencies 
were grossly discrepant with regard to the estimated dose assigned to the survivors. 
Although the data are not shown here, the degree of overdispersion in aberration 
frequencies did not seem to differ significantly between the survivors with severe 
epilation and those with mild or no epilation immediately after exposure. Further 
analyses in stable aberration frequencies are under way in terms of breakdown by 
various shielding categories. 

Comparison of Cs cell frequencies between conventional and G-banding methods 
As mentioned earlier, certain types of chromosome aberrations are undetectable 

by the use of  the conventional staining method (Ohtaki et al., 1982), such as re- 
ciprocal translocations of chromosome segments with equal length, paracentric 
inversions, etc. This has caused substantial reduction in scoring efficiency for 
radiation-induced chromosome damage for biological dosimetry using the current 
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standard procedure. 
To evaluate the power of scoring efficiency on the detection of stable chromo- 

soem aberrations measured using conventional cytogenetic methods, a comparison 
was made of the frequencies of Cs cells between G-banding and conventional stain- 
ing data for the same survivors, with the assumptions that G-banding analysis can 
detect all induced chromosome aberrations with a full efficiency and that the fre- 
quency of Cs cells induced in vivo in the somatic cells does not change with time. 
The results, shown in Fig. 2 are based on the data available from both methods 
f rom 62 survivors in Hiroshima. The ratio of conventional frequencies to the 
corresponding G-banding values was 0.70, with the regression coefficient r=0 .94  
(p<0.001). The present data indicated that, although the scoring efficiency by 
the conventional method was reduced by about  3 0 ~ ,  the correlation between the 
two methods was good. This result confirmed our previous finding that the de- 
tection rate of conventional to G-banding was 0.75 (Ohtaki et al., 1982). The 
same tendency has also been observed in translocation frequencies measured with 
FISH and G-banding analyses (Lucas et al., 1992). 

Comparison between in vivo translocation and in vitro dicentric frequencies 
It  has been considered that the proportion of peripheral blood lymphocytes 

with only stable aberrations has remained almost unaltered with time. Unfor- 
tunately, it is by no means possible at present to verify the frequencies of  trans- 
locations produced in survivors immediately after A-bomb exposure. In order to 

r = 0.940 
p < 0.001 

n = 6 2  
60 

c 
. u  

o3 

c- 
O 40 
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> 
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Fig. 2. Comparison of Gs cell frequencies estimated using conventional and G-band- 
ing methods. Conventional vs. G-banding analysis: Cs cell frequencies mea- 
sured using conventional staining method were plotted against aberrant cell fre- 
quencies measured by G-banding for the same individual survivors (solid squares). 
Error bars show the uncertainty in the counting statistics. 
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evaluate the persistence of translocations produced in vivo by exposure to A-bomb 
radiation, the translocation frequencies in A-bomb survivors were compared with 
the data from Bender et al. (1988) on the frequencies of  dicentrics produced in vitro 

by exposure to gamma irradiation. 
As shown in Fig. 3, each point represents the average number of  translocations 

per cell for the individual survivor, with a computed linear regression as indicated 
by a solid line. The mean frequency per Sv is 11.7~ as shown in Table 3. The 
dose-response curve for dicentric frequencies yielded by in vitro gamma irradiation 
is shown by a dotted line fitted to the linear-quadratic model. Figure 3 shows that 
the level of  translocation frequencies in A-bomb survivors generally agreed with 
the in vitro dicentric frequencies measured with conventional staining method up 
to 2.5 Sv. However, as the dose increases, the translocation frequencies fall off 
around 3 Sv. Such a leveling off of  the dose-response curve above 2 Sv may be due 
to the in vivo elimination of cells having a translocation (or translocations) coexisting 
with a dicentric(s) that had been produced more preferentially by exposure to high 
doses of  irradiation in survivors. This is one of the reasons why the linear dose- 
response relationship for translocation frequencies is applicable to Hiroshima A- 
bomb survivors. 

Fig. 3. 

0.8 I I I "11 

I . . . .  Bender et al. (1988) 
present study , '  

t / 

0.6 

a + },'"' § 
g 0.4 
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DS86 bone -mar row  dose (Sv) 

Comparison of the in vitro dose-response curves dicentric frequency from anal- 
ysis of 6~ lymphocytes (dashed line) with the reciprocal transloca- 
tion frequencies dose-response data (solid squares) for A-bomb survivors using 
G-banding. The dashed line shows a dose-response curve for dicentric frequency 
from the data summarized by Bender et al. (1988). The solid line indicates 
the linear regression line for frequency of reciprocal translocations in A-bomb 
survivors against DS86 assigned dose (Sv). Error bars show the uncertainty 
in the counting statistics. 
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Distribution oj' chromosome breaks involved in translocations 

It has been thought that radiation-induced chromosome breaks and subsequent 
rejoining to form exchange aberrations are produced randomly. It then follows 
that the frequency of translocations involving each chromosome should be pro- 
portional to its relative DNA content. This possibility was investigated by com- 
paring the DNA content of each chromosome with the frequency of chromosome 
breaks involved in all of the translocations detected. Chromosome break data 
were derived from 27 males and 25 females in the exposed group, with a total of 
3,370 break points involved exclusively in translocations. The relative DNA con- 
tent data are from Mayall eta/ .  (1984). The results are plotted in Fig. 4. Linear 
regression analysis of these data showed that the translocation frequency for the 
i TM chromosome, F~ increased with relative DNA content, di, according to the rela- 

tion: Fi=0.0039+0.91di.  The correlation coefficient between translocation fre- 

quency and relative DNA content was 0.92. Only the translocation frequency 
from chromosome I was significantly off the regression line (p<0.05) by the test 
based on standardized residual (Weisberg, 1980). 

Fig. 4. 
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A ptot of the frequency of chromosome breaks involved in reciprocal transloca- 
tions through chromosome 1 to 22 as a function of chromosomal DNA content. 
These data were determined from 3,370 breaks involving reciprocal transloca- 
tions identified by G-banding in Hiroshima A-bomb survivors proximally ex- 
posed. 
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DISCUSSION 

The dose-response relationship for the frequencies of cells with chromosome 
aberrations has been demonstrated by Awa et al, (1971, 1978) and Preston e t a l .  
(1988) in the peripheral blood lymphocytes of A-bomb survivors in Hiroshima and 
Nagasaki using the conventional cytogenetic method. Furthermore, the linear 
dose-response model may best be fitted to the aberration data on Hiroshima sur- 
vivors. 

The major objective of this report was to analyze chromosome aberration 
data, especially with regard to the identification and classification of stable chromo- 
some aberrations using the trypsin-G-banding method of Seabright (1971) to score 
all kinds of chromosome aberrations detectable by this method, some of which 
were not identifiable heretofore by the conventional (non-banded) methods. Special 
emphasis was thus placed on the elucidation to the dose-response relationship for 
Cs cell frequencies in Hiroshima A-bomb survivors, since there had been no relevant 
data using G-banding analysis. 

As described earlier (Sofuni et aI., 1978; Ohtaki et al., 1982), the present study 
also revealed that not only simple forms of chromosomal interchanges but also 
multiple exchanges involving more than three breakages of chromosomes (designated 
as t-cx and e-cx in this classification) were detectable in the somatic cells of A-bomb 
survivors. Complex changes were more prevalent in heavily exposed survivors. 
As indicated in the RESULTS, aIl the stable chromosome aberrations observed were 
classified into nine categories. A dose-dependent increase in the frequency was 
noted for all types of aberrations. Of the nine types of stable aberrations, reciprocal 
translocations were found to predominate and were the principal contributors to 
the overall dose-response relationship in the somatic cells of survivors even more 
than four decades after the exposure to A-bomb radiations. 

In any category of stable chromosome aberrations, the majority were of the 
balanced type; there appeared to be no loss or gain of chromosome materials re- 
sulting from the break and rejoining that led to exchanges. Inversions of the para- 
centric type were known to be undetectable by the non-banded analysis. This 
type of aberrations was found to contribute only to 3.5 ~ of the total aberrations 
(or 25 ~ of the total inversions). 

It is noteworthy that a small fraction of cells that lose a portion of chromo- 
somes, defined as "deletions," has been detected even by the non-banded conven- 
tional analysis (Awa et al., 1977). However, the conventional cytogenetic method 
could not discriminate between two types of deletions, terminal and interstitial. 
In this study, about 2 0 ~  of the total deletions were identified as the "interstitial" 
type. These observation indicate that the some cells lacking a portion of the chro- 
mosomes, as in the monosomic state, could survive in vivo in the circulating lym- 
phocytes. 
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No data have been available to date on the dose-response relationship for 
translocation frequencies in A-bomb survivors with regard to the use of the G- 
banding method. Therefore, attempts were made to obtain a dose-response curve 
for Hiroshima A-bomb survivors using stable aberration frequency data obtained 
by the present analysis. There was good agreement between aberration frequencies 
and bone-marrow doses assigned to survivors (in Sv), by applying both linear and 
linear-quadratic models, as reported by Preston et al. (1988). It is important to 
note that in this analysis the dose-square term was negative, but not significantly 
different from zero, indicating a better fit with the linear model in Hiroshima. The 
increase in the percentage of Cs cells was measured as 15.2 i)~; per Sv, about 1.4 times 
higher than that derived from the conventional data on 62 Hiroshima survivors. 
When fitting linear-quadratic values obtained by in vitro gamma irradiation experi- 
ments (Bender et al., 1988) to the present data, the regression coefficient was sig- 

nificantly off the level at 2 Sv. 

For reciprocal translocations, a tendency was seen that the longer chromo- 
somes were more frequently involved in the exchange formations. Furthermore, 
as far as the non-banded conventional technique is applied, there is a considerably 
lower frequency of chromosomes in the C group (or chromosomes 6-12) than the 
expected theoretically (Awa et al., 1977). However, this kind of disadvantage 
for the bias of the detection of radiation-induced chromosome rearrangements can 
be removed by the use of various banding techniques, G-banding in particular. 

There have been several reports concerning the frequency of radiation-induced 
chromosome breaks derived from lymphocytes either irradiated in vitro (Holmberg 
and Jonasson, 1973; Cooke et al., 1975; Buckton, 1976) or from persons irradiated 
m vivo (Barrios et al., 1989) to see if there are any preferential occurrence of breaks 
for particular chromosomes. Recently, Gray et al. (1991) summarized the data 
from several reports and pointed out that the frequencies of chromosome breaks 
are more or less proportional to the chromosomal DNA content for each of the 
chromosomes, with the exception that the frequency of aberrations involving chro- 
mosome I is consistently higher than anticipated. Evidence thus presented shows 
that the distribution in the number of breaks for all chromosomes produced by 
ionizing radiation is random. A similar pattern to that found by Gray et al. (1991) 
has also been observed by Lucas et al. (1992) and by the present report using data 

on Hiroshima survivors. 

Tanaka et al. (1983) analyzed the distribution of 1,375 breaks identified in the 
chromosome aberrations in the lymphocytes of 39 Hiroshima A-bomb survivors 
and found that the breaks were nonrandomly distributed in certain chromosomes; 
i.e., chromosomes 15, t8, and 22 are more frequently involved, whereas chromo- 
somes 1, 2, and X were the least involved. 

By analyzing chromosome aberrations in patients treated with X rays for 
ankylosing spondylitis, Buckton (1983) aimed at establishing whether damage to 
particular chromosomes is more readily accepted by the cell, with an assumption 
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that the number of times that a chromosome will be involved in a rearrangement 
is proportional to its length. Using the number of chromosome breaks for trans- 
locations and dicentrics, she found that among the translocations A-, B-, and F- 
group chromosomes are underrepresented (chromosomes 3 and 19 in particular, 
but with the exception of chromosome 4), whereas those of chromosomes 9, 10, 
14, and 15 are overrepresented. 

When the data from Tanaka et al. (1983) and Buckton (1983) are combined 
with those from the present study, nonrandomness in the distribution of chromo- 
somes participating in the radiation-induced chromosome exchanges becomes less 
striking as more of the breaks are accumulated. The most discrepant findings 
among these studies were the involvement of chromosome 1 high frequency in this 
study but low frequency in others. The reason for this discrepancy remains un- 

known. 

In the routine cytogenetic examinations on Hiroshima A-bomb survivors, a 
wide variability of aberrant cell frequencies is seen among individual survivors in 
a given dose range. In particular, aberration frequencies are grossly discrepant 
in a small fraction of survivors with regard to the dose assigned to each case. They 
have been termed biological outliers. The same tendency has also been noted for 
a few exceptional cases, in whom high aberration frequency is seen in the low dose 
range and low aberration frequency in the high dose range. These outliers are 
confusing factors that may alter the shape of dose-response curves for the frequencies 
of aberrant ceils. An overdispersion (Preston et al., 1988; Awa, 1989) in aberrant 
cell frequencies either might be due to random errors in the DS86 estimates for 
individual survivors or might suggest differential radiation sensitivity among A- 
bomb survivors. Nakamura et al. (1989) studied possible differences in individual 
radiosensitivities in A-bomb survivors. Using colony formation methods, com- 
parisons of the data from repeated examinations of one person with data from 
single examinations of different persons showed that variation of the D~0 value was 
not significantly greater in the latter group. They have suggested that variation 

in lymphocyte radiosensitivity among individuals is quite small. 

Recently, Sposto et al. (1990) reported the results of a statistical analysis using 
data on chromosome aberration frequencies correlated with severe epilation. They 
have shown that the dose-response relationship using the DS86 assigned dose is 
significantly steeper in the subsample of individuals who reported severe epilation 
after the bombing than among those who did not. By statistical analyses of these 
data over a range of dosimetry error models, they concluded that random dosimetry 
errors in the range 45 ~ to 50 ~ of true dose are necessary to explain completely 
the difference in dose response between the two epilation groups. This level of 
dosimetry error also accounts for the overdispersion in the proportion of cells with 
chromosome aberrations. The same tendency has also been observed among 
the severe epilators for the mortality risk of leukemia in the A-bomb survivors by 
Neriishi e t a l .  (1989). 
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Similarly, Pierce e: al. (1989) have investigated the effect of dose errors on 

inferences baseO on the cancer mortali ty data in RERF.  In their paper, they sug- 

gested that 35 ~; dosimetry errors may be used in adjust ing for dosimetry errors. 

Recently, the new FISH technique, described earlier, has allowed rapid, ac- 

curate detection of t ranslocat ions involving painted and non-pain ted  chromosomes.  

The present G-band ing  data have provided basic biological information,  such as 

the relationship between the number  of breaks involved in the chromosome ex- 

changes and relative DNA content  of each chromosome,  needed to determine 

whether the FISH technique is readily applicable to routine cytogenetic screening 

for biological dosimetry. 

The data derived fl'om G-band ing  analysis are indeed accurate and can provide 

impor tan t  informat ion on the dose-response relationship of chromosome aberrat ion 

frequencies of individual A-bomb  survivors. The disadvantages of this technique 

are that it is laborious and t ime-consuming and it requires expertise for karyotype 

analysis for identification of all kinds of induced chromosome aberrations.  This 

technique will be used more efficiently in combinat ion  with other methodologies, 

such as the FISH technique, for biological evaluation of previous exposures to 

ionizing radiation. 
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