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SUMMARY

Cytogenetic data, derived from cultured lympho-
cytes of atomic bomb survivors and controls in
the ABCC-RERF Adult Health Study cohort, have
been analyzed to determine differences in the
dose-response relationships for chromosome aber-
rations between the T65D and DS86 dose estimates
and to assess differences between Hiroshima and
Nagasaki. The data consist of blood samples col-
lected between 1968 and 1980 from 1,245 individ-
uals (788 from Hiroshima and 457 from Nagasaki),
who have a DS86 kerma estimate of less than
4 Gy (678 in Hiroshima and 381 in Nagasaki)
or who were not in the cities at the time of the
bombings (110 in Hiroshima and 76 in Nagasaki).
For each person, the number of cells with at least
one structural chromosome aberration was related
to dose using binomial regression models. The
variability of the observed proportion of aberrant
cells as a function of estimated dose is much greater
than one would expect under a binomial model,
consequently all models have been adjusted for
extra-binomial variability.

For a linear dose-response model, the average per-
centage of cells with at least one chromosome aber-
ration increases less rapidly with dose in Nagasaki
than in Hiroshima. The magnitude of the intercity
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difference in the percentage of cells with aberrations
per gray is less for DS86 than for T65D, though
the difference is statistically significant for both
kerma and bone marrow dose with either dosimelry.
The percentage of cells with aberrations per gray
for DSB6 kerma estimates is about 60% greater
than the corresponding T65D slope. For marrow
dose, however, there is very little change in slopes
between the two dosimetries. Analyses to test
nonlinearity in the dose-response function indicate
significant departures (p<.001) from linearity, using
both dosimetries for both kerma and marrow dose.
Comparison of aberration dose-response functions
for the old and new dosimetries depends heavily
upon the relative biological effectiveness (RBE) of

neutrons; however, it is difficult to estimate separate
gamma ray and neutron response lunctions and,

hence, RBE from these data. Therefore, com-
parative results are presented for a range of RBE
relationships under various linear (L) and linear-
quadratic linear (LQ-L) models. As an illustrative
result, if one assumes an LQ-L model similar to
models reported in the cytogenetic literature, with
a limiting RBE of 20 at zero dose, the DS86 slope
(the percentage of cells with aberrations per sievert)
is 120% greater than the corresponding T65D value.

INTRODUCTION

It is well established that the frequency of chro-
mosomal aberrations induced in vivo in the pe-
ripheral blood lymphocytes increases with exposure
to ionizing radiation.® Thus, one expects to see
a dose-dependent increase in the frequency of
cells having chromosomal aberrations with increas-
ing radiation dose among A-bomb survivors of
Hiroshima and Nagasaki.?"3 Cytogenetic data on the
A-bomb survivors have been used previously as a
reliable biological endpoint for A-bomb dosimetry
reassessment. 8

Using both the T65D and DS86 dose estimates
in our study, the dose-response relationships for
chromosome aberration frequencies among A-bomb
survivors have been compared for any differences
between Hiroshima and Nagasaki.

Because A-bomb survivors received acute whole-
body exposure, chromosomal aberrations that are
observable now in T lymphocytes were induced
at the time of the bombings (ATB) not only in
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mature lymphocytes of the circulating blood, but
also in other lymphocyte-producing organs, such as
bone marrow, spleen, thymus, and lymph nodes.
Thus, the analysis of the dose-response relationship
for chromosome aberrations is presented using both
tissue kerma and the dose equivalent for the active
bone marrow.

MATERIALS AND METHODS

The Sample

The data consist of a subset of the usable blood
samples collected between 1968 and 1980 from
survivors and controls in the Adult Health Study
(AHS). Usable blood samples are those from par-
ticipants who had not received radiotherapy or
radioisotope treatment at any time in the past, and
from which a successful culture with at least 30
scorable cells was made.

Between 1968 and 1980 Ihree programs were con-
ducted to collect samples for chromosome aberra-
tion studies. The initial program was begun in
1968 and continued through November 1970 in
Hiroshima and through March 1971 in Nagasaki. In
that program, samples were collected from all coop-
erative AHS participants. A total of 1,402 samples
were collected from 1,401 people. The number ol
usable blood samples from the initial program was
1,055, of which 650 were from Hiroshima survivors
or controls and 405 were from Nagasaki survivors
or controls. The results of analyses of these data
have been discussed by Awa et al.® Otake,” and
Otake and Prentice.?

In 1970, a more systematic program was initi-
ated for the collection of samples from survivors,
with particular emphasis on proximally exposed
survivors, i.e., persons who were within 1,600 m
of the Hiroshima hypocenter or within 2,000 m of
the Nagasaki hypocenter ATB, and distally exposed
survivors, i.e., those who were in the cities ATB
but were beyond 2,500 m from the hypocenter.
This program continued from early 1970 through
about 1979; however, most of the samples were
collected before the end of 1971. During this
second program, a total of 1,644 usable cultures
were obtained from 857 people. Reported analyses
of the data from this program have considered
554 usable blood samples (283 from Hiroshima
and 271 from Nagasaki) obtained before 1971,2 or
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the subset of these samples from survivors with
T65D estimates of less than 10 Gy which were
scored in Hiroshima.!® This latter group includes
408 samples (from 229 Hiroshima survivors and
179 Nagasaki survivors) scored by two observers
in Hiroshima.

The third program to collect samples for cyloge-
netic studies was begun in 1977 and continued
through 1980. During the first two years of this
program, usable blood samples were obtained from
286 proximal exposed (158 in Hiroshima and 128
in Nagasaki). Each sample was scored by two
observers in Nagasaki. During the last two years
of this program, samples were obtained from all
but two of the survivors considered in the first two
years; these samples were all scored by observers
in Hiroshima. Although informal analyses of these
data have been made during the past year, there
have been no formal reports on the results.

A fourth program to collect samples for cytogenetics
studies was begun in 1983. The scoring of these
samples began recently, so these data will not be
considered here.

If one combines the data from the first three
programs, usable blood samples have been obtained
from a total of 1,497 people. The number of
usable samples per person ranges from one to five.
The diagram in Figure 1 indicates the number of
people from whom usable blood samples have been
obtained in each of the first three programs and
summarizes the overlap between the programs. For
persons with more than one usable sample, only
the data from the most recent sample are analyzed.
Data from six samples which were selected and
studied for different purposes were excluded from
the analysis (Table 1).

Cytogenetic Methods

These blood samples were cultured for 52 hours and
then cells were harvested for chromosome prepara-
tions using the conventional Giemsa stain procedure
as described elsewhere.!! This culmre time was
chosen, because it was assumed that most of the

observed metaphases would be in their first in vitro
cell division at 32 hours. Using the fluorescence

plus Giemsa (FPG) methed for sister-chromatid
differential staining of selected cultures,' it was
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FIGURE 1 DATA COLLECTED FROM THE ADULT HEALTH STUDY PARTICIPATS VIA
THE CYTOGENETIC PROGRAM. A TOTAL OF 2,199 USABLE BLOOD SAMPLES HAVE
BEEN COLLECTED FROM 1,497 PARTICIPANTS

K1 A EPAfRAAE THRARENENRE s 77,
Kt EL, 4978 A S ERE RS 4 MBI &t 2, 199 L 7~

1st Program

1968-70

1,055 samples 2nd Program
1970-79
857 samples

3rd Program
1977-80
287 samples

TABLE 1 NUMBER OF USABLE BLOOD SAMPLES BY EXPOSURE STATUS AND CITY
# 1 [FATHE 7 AR AR A, BEMBIRIR R B OB T

City
Exposure Status Hiroshima Nagasaki Total
Total 858 639 1497
Included in analyses:
Not-in-city 110 76 186
DS86 ¢ 4 Gy G678 381 1059
Subtotal 788 457 1245
Excluded from analyses:
D386 > 4 Gy 33 9 42
T65D anly 33 171 204
Cases selected for 4 2 6
other purposes
Subtotal 70 182 2562

Information on the distribution for samples included in these analyses is
indicated in the top part of the table. The data in the bottom part of the
table are for samples which were excluded from the main analyses of this
paper for reasons discussed in the text.
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discovered that the proportion of cells in their sec-
ond in vitro cell division varied from 0 to 40% with
a mean of 15% of the total metaphases analyzed,
However, such a small fraction of cells at the
second mitosis does not alter the overall aberration
frequency (Ohtaki et al, personal communication).

All slides were coded and microscopic examina-
tions were performed without knowledge of an
individual's exposure status. The chromosomes
were classified into seven chromosome groups (A-
G) directly under the microscope. Except for gross
chromosome aberrations that are easily recogniz-
able, structural abnormalities of the stable type were
suspected when loss or gain of a chromosome(s)
in any of these chromosome groups was identified
in the metaphases examined. These cells were
photographed for further detailed karyotype anal-
ysis and structural chromosome aberrations were
classified according to the ISCN (1985).}* Specif-
ically, stable aberrations that were scored included
reciprocal translocations, pericentric inversions, and
deletions without fragments. For each sample, the
cylogenetic data used in these analyses are the total
number of cells examined (usually 100 metaphases
per sample) and the number of cells in which at Jeast
one stable aberration was observed. No altempt
has been made to use information on unstable
aberrations or on the total number of aberrations
seen.

The Dose Data

Table 1 summarizes the distribution of people for
whom usable blood samples are available by city
and exposure status and type of dose estimate.
Among the 1,491 samples, 1,305 are from survivors
for whom T65D estimates are available, while 186
were obtained from people who were not in the
cities (NIC) ATB. As discussed by Preston and
Pierce!4 and Kerr et al,}® DS86 estimates cannot
be computed for all survivors with T65D estimates.
The total number of usable blood samples from
exposed survivors for whom DS86 estimates are
available is 1,101.

To describe the impact of the change in dosimetry
on those survivors included in our analysis and to
provide more information on the exposure status
of survivors for whom DS86 estimates are not
available, Tables 2a-2b contain the city-specific
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TABLE 2a COMPARISON OF THE DISTRIBUTION OF AHS PARTICIPANTS BETWEEN D386 AND T65D KERMA ESTIMATES

F2a WMAHENGEHZ EOSHIREDRY:, D386 & T6SD 41— HEE R

Hiroshima m B

TGN D586 Kerma in Gray TGEDR ¥ of TEEDR
Kerma in

Grav Subcohort Unknown Kerma w/unk

NIC 0-.005 .005-.10 .10-.50 .50-1.00 1.00-2.00 2.00-3.00 3.00-4.00 1lotal DS86»4 Gy DS86 total DS86 Kerma

NIC 110 110 0 0 110 0.0
0-.005 252 1 253 1] 0 253 0.0
L005-. 10 12 12 0 B 20 40.0

10- .50 51 5 a6 i) 1 60 6.7
WB0=-1.00 9 18 2 29 0 2 31 6.5
1.00-2.00 67 80 147 0 9 156 5.8
2,00-3.00 57 25 1 83 ] 5 88 5.7
Jd.400-4.00 11 32 B bl 0 1 52 1.9
4,00+ 2 26 19 47 33 4 84 4.8
DSE6 Kerma

Total 110 252 13 60 a0 152 83 28 788 33 33 854 3.9

88-L UL JITA



TABLE 2b COMPARISON OF THE DISTRIBUTION OF AHS PARTICIPANTS BETWEEN DS8 AND T65D KERMA ESTIMATES
#2b MARBAENRZOFMKEOILE, DS86 & Te5D A — v HEE HH

Nagasaki &

88-L WL 9HIH

T6BDR DS86 Kerma in Gray TGSDR % of TGSDR
Kerma in
Gray Subcohort Unknown Kerma  w/unk

NIC 0-.005 .005-.10 .10-.50 .50-1.00 1.00-2.00 2.00-3.00 3.00-4.00 total DS86>4 Gy D586 total DS8G Kerma

NIC 76 76 0 0 76 0.0
0-.005 173 173 0 5 178 2.8

-005-.10 2 3 3 0 0 3 0.0
-10- .50 18 16 34 0 13 53 35.8
.50-1.00 20 4 24 0 19 43 44.2
1.00-2.00 12 33 4 49 0 63 112 56.2
2.00-3.00 11 32 43 0 43 86 50.0
3.00-4.00 1 19 2 3 | 23 0 11 34 32.4
4.00+ 6 21 5 32 9 11 52 212
D586 Kerma

Total 76 175 19 48 49 61 23 6 457 9 171 637 26.8




joint distributions over T65D and DS86 categories
for total tissue kerma in air at the survivor location,
adjusted for the effects of shielding by structures
or terrain. For example, in Hiroshima the T65D
kerma total cohort of persons having estimated
doses ranging from 1.00 to 2.00 Gy consisted
of 156 persons. It was not possible to estimate
DS86 doses for nine of these persons, leaving a
subcohort total of 147 individuals. Based on DS86
kerma estimates, 80 of these persons had exposures
between 1.00 and 2.00 Gy, whereas 67 had doses
between 0.5 and 1.00 Gy. It is clear from this
table that for both cities the DS86 kerma estimates
are generally less than the T65D estimates. It
is also apparent that the proportion of survivors
with T65D kerma estimates greater than 5 mGy
for whom DS86 estimates cannot be computed is
greater in Nagasaki than in Hiroshima. These
patierns are similar to those noted for the Life Span
Study (LSS) as a whole.!? An important reason for
the heavier losses among Nagasaki survivors with
relatively high doses is that the DS86 system does
not currently include procedures for the estimation
of doses for people exposed in factories or who were
shielded by terrain.

Over the period during which these cytogenetic data
were collected, changes in procedures have oceurred
which could affect the data quality. As a result of
standardized counting procedures and more rigorous
validation of results, it is felt that the data obtained
during the later years of the study are the most
reliable. It is beyond the scope of this report to
investigate the impact of procedural changes on the
estimation of chromosome aberration dose response;
however, in the future efforts will be made to
address this important issue using repealed mea-
surements and other supplementary data available
for some survivors.

All analyses arc based on the 1,245 individuals
who have a DS86 kerma estimate less than 4 Gy
(1,059 people) or who were NIC ATB (186 people).
Because of the relationship between T65D and
DS86 kerma estimates, this is roughly equivalent
to the exclusion of survivors with T65D kerma
estimates in excess of 6 Gy. These high-dose cases
were excluded because, given that these people
survived both the actual blast and the radiation, it
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is likely that their true dose is substantially lower
than the estimated doses.14

In our study, we wanted to relate the proportion
of cells having aberrations to some measure of
radiation exposure. In order to do this, it was
necessary to choose an appropriate measure of the
quantity of radiation received by an individual. We
considered two possible measures. It was likely that
most of the cells observed in our study originated
from cells which were in lymphocyte-producing
organs, such as the bone marrow, spleen, thymus,
and lymph nodes, as well as in the circulating
blood. Because of this, our primary emphasis was
placed on absorbed dose to the active bone marrow.
Earlier analyses of these data have generally been
based on estimales of tolal tissue kerma in air at
the survivor location, adjusted for the effects of
shielding by structures or terrain, or more simply,
shielded kerma; hence, the results of some analyses
of the percentage of cells with aberrations as a
function of shielded kerma will be presented.

The T65D system did not include procedures for
estimating absorbed dose to specific organs. In
this report, we use Kerr’s'® estimated transmission
factors for bone marrow applied to the T65D kerma
estimates for each individual to get the absorbed
dose estimate. DS86 provides absorbed marrow
dose estimates for individual survivors. Table 3

S&, FOHROEMRIIHTFEMEID 2L O{E0v 2

Al THAE M

o

AR OE L, B eE T S0 EG & o
HROWA S pOEE L HERGT s L TH L.
Iz, APMEORBRR AL TED TR E
HABENES -, T ODNHBAEL S KR
THsE A Mla e A, T8, DR, B,
UovsRER O & 3 ) o vERIE R S IR R s T
LTwhfgichkiseEzons,
B RO R S E S A ok,
DF—F OLLAT ORI T — 81, BEs e i
& Bl i 3t AR TE L 22 $HR O BB T o 4
BHBE Y —=, 2F DR ICHEh — < OHEE M
EICLDTHo . W AT T S0
DEEE, BkH—~ORBLEL TITo2%220
BRITFE R &2 LLF 2R,

s}

Dz,

bt 4

LEHaT,

TE5D A2, e OR35S O & HEE 4 5
HES Ao, RV T, BB E ORISR
HEE M &5 28, Kerr'® & HEE i 1 4 2 2 %
T65D # — vHEEMIZY Tldw 2. #3121, B
BRFHD O Kerr O T ¥ {f 4 & KEMON%

TABLE 3 DS$86 AND T65D MARROW DOSE TRANSMISSION FACTORS

3 DS86 & Te5D i it i i 52
Dosimetry
Radiation T65D DS86
gamma 0.56 0.79
neutron 0.26 £.33
n-gammax 0.07 0.57

*Neutron-capture gamma rays

1l T v

The values shown for DS86 are mean values computed from the marrow dose to
kerma ratios for the survivors included in these analyses.
DSRE O ffilt, KABFHOHE LA FHREOTHBR -7 LD ASHELLFRAMTSS.

10



contains Kerr's average marrow dose factors and
information about the DS86 marrow dose factors for
the survivors used in these analyses. As can be seen
from this table, the DS86 marrow factor for gamma
rays is considerably greater than the corresponding
factor given by Kerr.

Statistical Methods

As noted above, the number of cells with aberra-
tions and the total number of cells examined for
each sample are used in describing the relationship
between the proportion of aberrant cells and dose.
In order to do this, binomial regression models of
the form

E(an) =

have becn used, where for each sample: a is
the observed number of cells with aberrations, n
is the total number of cells counted, f is the
estimated proportion of cells with aberrations, x is
a vector of covariates including funclions of dose
or kerma, and b is a vector of parameters. This
linear model, which has been employed in most
previous analyses of these data, was chosen instead
of the logistic regression model because it has been
found to provide a better fit to the data. In the
standard binomial regression model, the variance of
an observation depends on the true value of p, in
particular

RERF TR 7-88

Lho HIREO DS EHMRFRHIIOVWTO
it bom L,
DS86 FrififF T Kerr 1L Tt xh a01E LD

AR E W,

CZDHEISFHISEI, HewHBO

#Et A&
Bt R 21, SHRMICHET S M8 & R
Mg Mo, BHMaOB G Ehts o

R LA ZobiikAo _ghlierr i
WEdE,
np=nfx (1

CoTABEE IO, a BT A S B Al I
nold EREE AT gL, ok AUH IR O T e, x [
SR EA—vOfHrFOER ML, S0
WG A=%D LT HAS, ZTOHEBETLIL,
E— g 20Tt ffbh 2 ML
HuahTEY, F—8~OBEEFTT AT (v Y
MgEFLENEENTVAZLEFHIPLTOLS

O, Al g e s, BEHE NG E T LTI,
BEESE O Sl LD p (SF L, IR OPYR A

H 5.

V(amn) =n p (1—p) : (2)

One of the striking features of these data, which
have been noted by many authors®7:® is that the
variability of the observed number of cells with
aberrations between persons within a dose category
appears to be much greater than one would expect
with a binomial model in which the aberration rate
was a simple lincar or quadratic function of dose.
Overdispersion in the Poisson distribution of the
number of chromosome aberrations per cell has
been noted in other studies.'” This overdispersion
would lead to overdispersion in the binomial dis-
tribution of the number of cells in a sample with
at least one aberration. Failure to allow for this
exlra-binomial variability leads to underestimates
of the variance of the parameler estimates and
invalidates significance tests. In order to adjust for
this overdispersion, we have assumed that, given p,

LLOWFEES L HBELTUELEI, AF—7D
WITE GO o1k, Al @R S o B A LS
MEE s h SR H e o BT A, BME HAEHIC
AL - S IE ZORMEICRE 3 T ETML
FoTFHENLIEMENEPEZNKENILTHA.
fniFE" CHMRIELS AV ORAEFRLEHEHD
R T v A IZHE 9 overdispersion [ K Syl ) A
BhohTwad, ZOBKAMKIE —DORE I
BT el Et—onRBELE T EMIRO KD
ik E LS Sl S5, B
i AEEL 2 vliT 2 — s HEFE MO S 2l o
HEETEI L8, AEMEREILED LS. 20

Bk aMAMETALS L, pAhashiWa,
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the variance of the number of cells with aberrations
is given by

V(an) =np (1—p) + p (op)? ,

where p is a parameter to be estimated. This
formulation implies that the extra variability, over
the range of interest, increases with the square of
the true proportion. This model does not differ
appreciably from the beta-binomial model used by
Otake and others”® in analyses of these data. In the
analyses presented below, the estimation of the f
parameters for a fixed p was made using iteratively
reweighted least squares with the weights at each
iteration determined by the variance function.® This
corresponds to the method of quasi-likelihood.8
The method of moments suggested by Moore!?
was used to estimate p. When estimating p, p
was modeled as a city-specific quadratic function
of dose. All computations were carried out using
the GLIM77%° statistical computing package.

RESULTS

Tables 4a-4d contain information on the distribution
of the number of samples, cells counted, and cells
with aberrations by dose (kerma) category for each
city. Since the number of cells per person is not
constant, the mean percentage of aberrations is not
equal to the ratio of the number of cells with
aberrations to the total number of cells counted
in a dose category (simple mean rate). A more
appropriate summary of these data is given by
the mean percentage of aberrations per person.
Although the analyses discussed below are based
upon ungrouped data, the interested reader can use
the data in these tables to carry out other analyses
of this data as needed. The plots in Figure 2
summarize the percentage of cells with aberrations
as a function of kerma or marrow dose estimates

for both the old and new dosimetries. The points
shown are the unweighted average percentage of

cells with aberrations in each dose group plotted
at the city-specific average doses. For each city,
the zero dose group includes the samples from all
survivors with dose estimates less than 5 mGy and
from people in the NIC group. Data from samples
for all survivors with kerma estimates in excess of
4 Gy were included in these plots, although they are
excluded from all other analyses.
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TABLE 4a SUMMARY OF CHROMOSOME ABERRATION DATA BY DS86 KERMA (Gray) AND CITY
Fda PEFREF—sOEY, DS8 4 —~ (Gy) 5, &R

Kerma Mean Usable Total Total Mean Standard deviation
group kerma blood cells aberrant % cells with % cells with
Gy (Gy) samples counted cells aberrations aberrations
Hiroshima
NIC a.0 110 9968 130 1.24 1.40
0=, 008 0.0 252 24271 233 .36 1:30
L0D5=-.10 048 13 1188 13 1.09 1.24
0=, 80 .295 60 5624 105 1.82 1.74
=4 1.0 L7749 90 8687 436 4.98 1.08
1.0-2.0 fodd 152 14500 1309 9.00 8.09
2anedi: 0 2.45 a1 8067 1340 16.67 11.09
3.0-4.0 3.37 28 2643 577 21.58 12.15
Summary
NIC-.005 0.0 362 34239 363 1.04 1.33
.005- 1.0 1.42 426 40709 3780 9.22 9.74
Nagasaki
N1C 0.0 76 7522 106 1.40 1.26
0=-.005 0.0 178 17017 239 1.39 1.50
L005-.10 070 19 1853 22 1.16 1.31
L10-.50 .299 48 4584 83 Tamh 2.68
LBO0-1.0 v 7138 49 4768 140 2.87 2.91
1.0-2.0 1.42 61 5990 433 7.42 7.90
2.0-3.0 2.39 23 2215 369 16.25 12.70
3.0-4.0 3.45 [ 600 L1L 18.50 14.12
Summary
NIC-.005 0.0 251 24539 345 1.39 1.43
L008-4.0 1.04 206 20010 1158 L ) 8.36

Only samples from individuals with total DS86 kerma ¢4 Gy are included.
B DS A—H4GCy RMOBNRAMOEFTENRTNS
The mean and standard deviations of the percentage of cells with aberrations in each dose category

are computed from the results for each usahle sample,
ERE M ICEI T AN 2 A0 RO PR R, BRTRELSREOBESSHTL .
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TABLE 4b SUMMARY OF CHROMOSOME ABERRATION DATA BY DS86 MARROW
DOSE (Gray) AND CITY

Fdab REHRY T SOEH, DSB6EHMAE (Gy) B, #iH

Dose Mean Usable Total Total Mean Standard deviation
group dose blood cells aberrant % cells with % cells with
(Gy) {Gy) samples counled cells aberrations aberralions

Hiroshima

NIC 0.0 110 9968 130 1.24 1.40
0-.005 0.0 252 24271 233 .96 1.30
.005-.10 .055 19 1788 22 1.22 1.17
.10-.50 307 76 7116 188 2.60 3.24
.50-1.0 .749 126 12087 715 5.83 1.38
1.0-1.5 1.24 87 8348 842 10.14 9.20
1.5-2.0 1.73 63 6170 1004 16.26 10.67
2.0+ 2.40 k) 5200 1009 19.35 12.10
Summary

NIC-.0056 0.0 362 34219 363 1.04 1.33
.D05-2.0+ 1.10 426 40709 3780 9:22 9.74

Nagasaki

NIC 0.0 76 7522 106 1.40 1.26
0-.005 0.0 176 17017 239 1.39 1.50
.005-.10 L0064 24 2303 27 1.13 1.26
.10-.50 L312 58 5634 106 1.84 257
La0n-1.0 L748 56 5359 255 4.92 537
1.0-1.5 1.23 35 3499 266 7.60 Tad2
1.h-2.0 1.76 21 2263 397 15.29 12.75
2.0+ 2.62 10 952 157 15.70 13.29
Summary

NIC-.005 0.0 251 24539 345 1.39 1.43
LN05-2. 0+ .83 205 20010 1158 5.78 B.16

See foolnoles of Table 4a
Hda DEFERW

14
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TABLE 4¢ SUMMARY OF CHROMOSOME ABERRATION DATA BY T65D KERMA (Gray) AND CITY

Fde PRGIERKT—yDEL, TESD #—< (Gy) M, HWin

Herma Maan Usable Total Total Mean Standard deviation
Eroup kerma blood cells aberrant % cells with % cells with
Gy ) (Gy ) samples counted cells abetrral lons aberrallons

Hiroshima

NIC 0.0 110 9068 130 1.24 1.10
0-.008 0.0 253 24371 235 .96 1,30
G T .N48 12 1088 11 1.01 1.26
L 10=.50 209 5h 5274 93 1.74 1.50
T e L7086 20 2677 123 4,36 4.13
1.0-2.0 1.45 147 14118 802 5.73 1.14
2.0-3.0 2.48 a1 7946 885 11.16 7.76
3.0-1.0 3.46 51 5081 933 18.69 13.06
1.0¢ 4.69 47 4453 im 20.57 1134
Summary

NIC-.005 0.0 363 34339 365 1.04 1.3
L005-4.0+ 2.01 425 40609 3778 9.24 9.74

Nagasaki

MNEC 0.0 76 7522 106 1.40 1.26
0=, 005 .02 173 16888 239 1.39 1.50
L0510 015 il 229 0 ] il
L10-.50 . 268 a4 3258 36 1.03 1.22
,50-1.0 754 24 2326 16 1.92 2.22
1.0-2.0 1.15 19 1728 143 2.05 3,48
2.0=3.0 201 13 1240 221 5.1G 4.36
3.0-4.0 3.50 23 2248 185 8.041 9.41
1.0+ 1.71 a2 3113 528 17.24 12.63
Summary

NIC-.005 L D01 249 24110 345 1.40 1.43
LOD5-4.0+ 4P o) 208 20139 1158 5.69 8.34

See footnoles of TAble 4a
Fda OMERM

15
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TABLE 4d SUMMARY OF CHROMOSOME ABERRATION DATA BY T65D MARROW
DOSE (Gray) AND CITY

Fedd HtafkBHT—yOEL, TD fhismit (Gy) 5, #BHH

Dose Mean lUsable Total Total Mean Slandard deviation
EIoup dose blood cells aberrant % cells with % cells with
(Gy) {Gy) samples counted cells aberrations aberraltions

Hiroshima

N1C 0.0 110 9968 130 1.24 1.40
0-.008 0.0 283 24371 235 .96 1.30
.005-.10 D60 32 1058 a8 1.24 1.22
.10-.50 W272 63 5781 175 2.89 311
B0-1.0 LT3R 134 12898 713 5,62 4.53
1.0-1.5 1.24 a7 8292 841 10.15 6.89
1.6=2.4 1.73 54 ha3z7 942 17.83 12.89
2.0+ 2.41 55 5251 1069 20.09 11.46
Summany

NIC-. 005 0.0 263 14339 365 1.05 1.33
L005-2.0+ 1.06 425 H0e0g 3778 9.24 9.74

Nagasaki

NIC 0.0 76 7522 106 1.40 1.26
0-.005 .001 175 17017 234 1.39 1.60
LO005-.10 0BG 9 853 12 1.33 1473
L10-.50 .260 45 4331 {h] 1.36 1.82
®-leion ) LTAT 46 1486 110 2.41 4 e
1.0-1.5 1.26 8 3709 175 4.64 4.29
1.5-2.0 1.71 27 2652 212 7.85 ik
2.0+ 2,52 41 1009 588 14.92 12.51
Summanry

NIC-.0D0E .0 251 24539 345 1.39 1.43
L008-2.,04 1.19 206 20010 1158 By EE B.0G

Ser [ootnotes of Table da
Faoa OMIERR

16
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FIGURE 2 PERCENTAGE OF CELLS WITH ABERRATIONS AS A FUNCTION OF
KERMA AND MARROW DOSE FOR DS86 AND T65D DOSIMETRIES. THE DATA POINTS
ARE THE AVERAGE PERCENTAGE OF CELLS WITH ABERRATIONS FOR AVERAGE
DOSES WITHIN A DOSE CATEGORY
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MARROW DOSE

In each of these plots, the percentage of aberrations
appears to be a concave upward function of dose
(kerma) with the rate for a given dose (kerma) being
generally lower in Nagasaki than in Hiroshima.
These plots also suggest that for each city, using
the DS86 estimates, there are greater differences
between the response functions for shielded kerma
than for total marrow dose (without regard to the
RBE of neutrons). Also, for both DS86 and T65D,
the response curves for the two cities appear to be
more similar than the response curves for the two
dosimetries within each city. The significance of
these patierns will be discussed below.
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In the plots of DS86 data, the response appears to
level off at higher estimated doses. This leveling off
at DS86 kerma estimates in excess of about 4 Gy is
similar to that seen for cancer mortality data'* and
severe epilation®? in the LSS.

Although there are various reasons one might see
some flattening of the response at high doses, it
is likely that errors in the dose eslimates play an
important role in the pattern seen here. In particular,
because of random errors in the dosimetry and
the fact that individuals had to survive the acute
effects of blast and radiation to be included in
this analysis, it is likely that the true doses for
survivors with high estimated doses are substantially
smaller than the estimated dose. Jablon?? made
similar comments regarding the impact of errors in
dose estimation with regard to the T65D dosimetry.

Because of concerns aboul the impact of such errors,
samples for survivors with D886 kerma estimates

in excess of 4 Gy have been excluded from the
analyses discussed below. As indicated earlier, this
is roughly equivalent to the exclusion of survivors
with T65D kerma estimates in excess of 6 Gy.

The plots shown in Figure 3 provide a rough
indication of the amount of overdispersion in these
data. Using marrow dose estimates for each dosime-
try, the plots indicate: 1) the mean percentage of
cells with aberrations, 2) the theoretical binomial
standard deviation (assuming that the true rate for
each dose group is equal to the observed mean), and
3) the observed standard deviation. The horizontal
scale on these plots is not linear in the dose group
means. Itis clear from the information in these plots
that there is appreciable overdispersion in these
data and that, the relative amount of overdispersion
increases rapidly with increasing dose.

Estimation of the overdispersion parameter

Using the approach discussed in the previous
section, we considered various estimates of the
overdispersion parameter, p. In these analyses
it was found that for the full basic data set the
moment estimator of p is about 0.55. Similar values
were found for both kerma and marrow dose with
either dosimetry. When the cities were considered
separately, the estimated value of p was somewhat
greater for the samples from Nagasaki survivors
than for those from Hiroshima survivors. If the data
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FIGURE 3 THE MEANS, OBSERVED AND THEORETICAL STANDARD DEVIATIONS
FOR BONE MARROW DOSE GROUPS. THE THEORETICAL STANDARD DEVIATION IS
BASED ON THE BINOMINAL DISTRIBUTION ASSUMING THAT THE TRUE RATE FOR

EACH DOSE GROUP IS THE OBSERVED MEAN
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set was limited to those samples obtained in the third
sampling program, the estimated value of p was
about 0.3. Although it is not possible to estimale
the standard error of these estimates, we feel that it
is unlikely that there are any statistically significant
differences in the degree of overdispersion by city
or time period. A value of p was taken to be 0.55
for all analyses ol the full basic data set discussed
below.

Linear models in total dose

It is important to deal with the question of nonlin-
earities; however, the smoothed response functions
shown in Figure 2 suggest that linear models
provide much useful information about the impact
of changes in dosimetry on the percentage of cells
with aberration dose-response and about intercity
differences in the response. Table 5 contains
parameter estimates and standard errors for city-
specific linear response models of the form

Kaw, F—FEEZKARNERBEIZENENL
AELCIRETRE, p OHEEBRBIW0.3THS. Zh
COMEMOBEREEHEE T4 2 EAaTiE T
& &A%, HTE B S I 58 ok S i DR EE (2 EET Y
CHEBELZEITLZVWEASSI LB BAS. LITFodli~s
KA F— s 2K IZO2OUTORFTXTIIEVT, o D
0.5 CHa L L7

MBROBEET L
FEREHOMBARY P22 HEETH I,
LAaL, #EdileailGicad+igitdte o

EEORE, HCCHBREIGIZET SEE GO
ZRIZOVWT, BO THRAAZMHE BT VIZ
XoIwTEHohEZ L%, H2UiR/LABEL2A
FIGERE iz mM L Twa, S IZRLEWNT A4
HEE R R OGRS 2 R R O BRI I s £ 7
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E(p|d) = foc + P1c d .

where d denotes either kerma or marrow dose
and the f3;, are city-specific regression parameters.
Results are given for both kerma and marrow dose
using both dosimetries. The parameter eslimates
were all obtained using the quasi-likelihood method
described above with p equal to 0.55. The last col-
umn contains p-values for tests of the significance
of intercity differences in the intercepts and slopes.

The parameter estimaltes in this, and all subsequent
tables are given in terms of the percentage of cells
with aberrations. Thus, for example, an intercept of
1.0 means that aberrations are seen in about 1% of
the cells of those NIC or zero dose survivors. While
an estimated slope of 6.0 means that the expected
percentage of cells with aberrations increases by
about six per gray.

Looking first at the intercepts, there appears to be a
small, but statistically significant, difference in the
background rates for the two cities. In particular,
the background rate for cells with aberrations in

Nagasaki is estimated to be slightly greater than that
in Hiroshima. In order to gain additional insight

into this question, a simple analysis was carried out

using only the data on the NIC group and persons

with DS86 kerma estimates of less than 5 mGy.

The city-specific rate estimates for these groups are
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TABLE 5 REGRESSION COEFFICIENTS AND SIGNIFICANCE TESTS IN LINEAR
MODELS OF THE PERCENTAGE OF CELLS WITH CHROMOSOME ABERRATIONS

#5H RERRBEAATSMIEOESHEOGHE T TV IZEE-D (MRHRE - H BT
Regression Coefficients
p-value for Intercity
Dusimetry Term Hiroshima Nagasaki Comparison
DS86 kerma
Intercept 1.01 + 0.07 1.30 +# 0.09 .01
Slope 5.8 = 0.3 4.0 + 0.4 <.001
TE5D kerma
Intercept 1.03 + 0.07 1.28 + 0.09 .02
Slope 3.9 = 0.2 1.9 + 0.2 <.001
D586 marrow dose
Intercept 1.01 + 0.07 1.30 + 0.09 .01
Slope 7:2 *= 0.4 5.1 *+ 0.4 <.001
T65D marrow dose
Intercept 1.03 £ 0.07 1.28 + 0.09 .02
Slope T8 o0y 3.8 ¢ 0.8 <.001

Parameter estimates and intercity significance tests are given for kerma

and marrow dose risks using both the DS86 and T65D dosimetries.
linear models have been fit for each city.
quasi-likelihood models which allow for overdispersion.

Separate
Estimates were computed using
The intercept is

an estimate of the percentage of cells with aberrations among persons whose

estimated dose is 0 Gy.
of cells with aberrations per gray.

The slope indicates the change in the percentage

R A- SR S M OZR O EEME L, DS86 - T65D g ht 2 ¢ h— & S s it
UAZ BRI TR L 2 HS B ET &Y TlEn ., HEE M, BASa s E I A h 2B

EEEFRHGCTHEL &,
HaH, WML,

shown in Table 6. Based upon these estimates, it
appears that the differences are duc almost entirely
to the low frequency of cells with aberrations in
Hiroshima survivors having DS86 kerma less than
5 mGy. There is virtually no difference between
the frequencies of cells with aberrations seen for
members of the Hiroshima NIC group and members
of either group in Nagasaki,
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TABLE 6 COMPARISON OF BACKGROUND RATES FOR CELLS
WITH ABERRATIONS BY CITY AND EXPOSURE STATUS

#6 HEAHTAMIEO AR BERO LR, B, BRI

City
Exposure Status Hiroshima Nagasaki
¢5 mGy DS86 kerma .96 (.07 343 (1)
Not-in-city 1.29 (.08) Lod (Gl

The slope estimates shown in Table 5 confirm the
impression one obtains from the plots in Figure
2 that the average percentage of cells with aber-
rations appears to increase less rapidly with dose
in Nagasaki than in Hiroshima. The magnitude of
the city difference in slopes is less for the new
dosimetry than with the old dosimetry; however,
this difference is statistically significant for both
kerma and marrow dose with either dosimetry.
This difference in slopes is not an artifact of the
difference in intercepts. In Table 7, the relative
changes in the slope of the aberration-response
functions for the new dosimelry are summarized, for
each city, for both shielded kerma and bone marrow
dose. For kerma, increases in the slopes are seen
in both cities. For bone marrow dose, there is little
change in either city. However, for both kerma and
marrow dose, the changes in the Hiroshima slopes
are less marked than the changes for Nagasaki.

B2 o7y bah, R TUILLE Y MR
EHEl A PRI TRBICHML vl wnd
A2 A, Zhid, #5ICRENTVZRHED
HEEMIZL - THESR C& 2, WRCIZ &AM EE o
X3, HmEtEFREnwARO Db En, Ll
oMM Oz, mERE AT h -,
P RS b CEAM IR ETLS. ORI HT S
ZHXEG DREOZLLAALBHELOTEE V.
F#T I, HigB AR Lo TiREHRRE O
ISR S A28 fr 5 & fu s MR e Bt & Rl
R A — = S ARt I C R L s, A —w L
SwTE, AROMMNAERIC TR 5SS, i
SO A&, wFhofHEIEWTHS E DL
v, LaL, #—vbEgiiftitondhizanTd,
Bl QEOEL AR LN B s 0w,

TABLE 7 CHANGE IN SLOPE RELATIVE TO Té5D SLOPE BY CITY
AND FOR BOTH CITIES COMBINED

#7 T6SD &S BEOWRIOLEL, MM R O T &

Comparison

Measure of Exposure

Shielded Kerma Marrow Dose

Hiroshima
Nagasaki

Average for both
cities

44% -6
111% 16%
58% 6%
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Nonlinearity of the dose-response function

In order to investigate nonlinearity in the dose-
response function, city-specific quadratic models for
the percentage of cells with aberrations were used:

E(p|d)

As with the linear models, the overdispersion pa-
rameter was assumed to be 0.55 for these models.
‘Using the asymptotic significance level of the
quadratic term in a model for both cities combined
as a rough guide to the statistical significance of
the nonlinearity in these models, there appear to be
significant departures (p<.001) from linearity with
both the DS86 and T65D dosimetries for both kerma
and marrow dose risks. In Table 8, parameter and
standard error estimates for the city-specific models
are presented. The significance tests for the intercity
comparisons (not shown) parallel those for the linear
model. There are significant differences in both the
intercepts and the dose response.

The plots in Figure 4 show the data plotted against
T65D and DS86 marrow dose with the linear and
quadratic fitted curves superimposed.

The effect of assumptions about the RBE of
neutrons on DS86/T65D comparisons

The survivors in Hiroshima and Nagasaki were
exposed to a mixture of gamma ray (low-LET)
and neutron (high-LET) radiation. It has been
demonstrated by many investigators' 72324 that the
RBE of neutrons is greater than that of gamma
rays, especially for low doses. In vitro experiments
involving the irradiation of human lymphocytes
have also suggested that the dose-response curves
for low-LET radiation exposure are linear-quadratic
functions of dose, while those for high-LET radia-
tion appear to be quite linear.

Since it is likely that the low dose RBE of neu-
trons is greater than 1, it is important to avoid
overemphasizing the results for total-absorbed dose
to the marrow obtained without regard to RBE.
Unfortunately, because of the small fraction of the
total dose due to neutrons, it has been difficult
to make precise estimates of the RBE and hence,
to arrive at adjusted estimates for the effect of
gamma radiation from the LSS data even with the
T65D dose estimates. An important aspect of the
new dosimetry is that the fraction of the total dose
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TABLE 8 REGRESSION COEFFICIENTS AND SIGNIFICANCE TESTS IN

LINEAR-QUADRATIC MODELS OF THE PERCENTAGE OF CELLS WITH ABERRATIONS

F8  REERESE T A0 E5HE OB - 2 RIS 7L 12T MR B A R E

Hegressian Coefficients

Dosimetry Term Hiroshima Nagasaki
DS86 shielded Kerma
Intercept 1.04 + 0.07 1.4 ¢+ 0.1
Linear 3.9 = 0.6 0.5 + 0.7
Quadratic 1.8 =0.8 2.8 ¥ 0.5
T65D shielded kerma
Intercept 1.0 + 0.07 1.4 + 0.09
Linear 3.0 + 0.4 =01 % 0.3
Quadratic 0.4 *= Q.2 ¢ 0.T %101
D586 marrow dose
Intercept 1.04 + 0.07 Tog 2 001
Linear 5.4 + 0.8 1.1 + 0.8
Quadratic L. %= 0.5 8.3 0.8
TH65D marrow dose
Intercept 1.05 = 0.07 1.4 & .09
Linear 5.8 * 0.8 0.2 ¢ 0.6
Quadratic 15 & 026 2.2 + 0.4

Parameter estimates and inter-city significance
and marrow dose risks using both the DS8G and T63D dosimetries.

models have been fit for each city.
likelihood metheds which allow for overdispersion.

0 Gy.

5 A= HEE L MO B M OAT BIERE, DSES -
VAT EHVTERL A, WRMHERN CHRBEFLELTIENS.
ARG THE LA, Wi, #EERA0G6y OB SRE LA 3O REN 55 THS.

tests are given for kerma

Separate
Estimates were computed using guasi-

The intercept is the
percentage of cells with aberrations among persons whose estimated dose is

TanD w5 2387 d—v L Mg
HEEW A AT AR AR EL LN
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FIGURE 4 PERCENTAGE OF CELLS WITH ABERRATIONS BY BONE MARROW DOSE
WITH FITTED LINEAR AND QUADRATIC MODELS
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contributed by neutrons is much smaller than under
the old dosimetry. This tends to exacerbate the
difficulties in estimating RBE.

Preston and Pierce'* have attempted to quantify the
difficulties in RBE estimation, based upon LSS data
with either dosimetry in the contexl of cancer mor-
tality. Similar comments apply to the case of RBE
estimation with the chromosome data. Because of
the difficulty in making precise estimates of the
neurron RBE, such estimates will not be given here.
Rather, DS86 and T65D dose-response curves will
be compared under a variety of models.
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We consider a linear-quadratic linear (LQ-L) model
of the form:

KRADRE - 2Kk- I (LQ-L) €710

E(p|d) = o + B1dy + f2d + f3d,

or, equivalently

HAHE, ThrZlL vk eEZ L

E(pld) = fo + Bi(dy + k2 +Kndn)

where dg and d,, are the gamma and neutron doses,
respectively, and kg, and k,, are proportionality
constants whose values have been chosen on the
basis of results in the cytogenetic literature. The
parameter k, is the ratio of the coefficient of
the quadratic term to the linear coefficient of the
gamma-ray term. As this ratio increases, the (up-
ward) curvature of the response function increases.
If kg4 is zero then the response curve is linear in
both gamma and neutron dose (an L-1. model) and
the RBE is constant. Il k; is greater than zero, then
the RBE decreases with increasing gamma dose. In
particular, for a given gamma dose, d, we have

RBE(d) =k, / (1

Estimates of fy and 4, were computed for both
dosimetries for selected values of k, and k,,. The
values of k, used were 0, 0.4, and 1. As noted
above, kg =0 corresponds to an L-L model. Results
given by Lloyd et al?? for in vitro experiments with
%0Co gamma rays suggest the use of k,=0.4. Other
reports?%26 have assumed that k; is approximately
equal to 1. For each of these kg's, five values of
k,, in the range 1 to 100 were used.

Figure 5 contains smoothed curves of the average
percentage of cells with aberrations plotied against
the dose equivalent to the bone marrow for the
Lloyd ct al estimate of k,=0.4 with a limiting RBE
of 20. The dose groups used in this plot are
the same as those used in Table 4. The average
dose equivalents within each category were used to
determine the horizonlal plotting positions.

Table 9 summarizes the results obtained when
the models described above were fit to the full
data set. Although the magnitude of the slope
estimates depends upon the amount of curvature, the
DS86/T65D comparison essentially depends only on
the limiting RBE value. While, as noted earlier, the
DS86 and T65D slope estimaltes are about equal for
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a limiting RBE of 1; at more reasonable values of
the RBE (in excess of 20) the DS86 slopes are two

to five

times the T65D slopes.
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FIGURE 5 SMOOTHED CURVES OF THE AVERAGE PERCENTAGE OF CELLS WITH ABERRATIONS BY
THE DOSE EQUIVALENT TO THE BONE MARROW FOR THE LLOYD ET ALZ® ESTIMATE OF Kg=0.4
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TABLE 9 COMPARISON OF DS86 AND T65D DOSE RESPONSE FUNCTIONS FOR SELECTED
LINEAR-QUADRATIC LINEAR MODELS

29 SIRLUAHE - 2R-BFETFNCE-T C DS86 & T65D Ot B Iin W £ o) He g
Ratio of Ratio of Slope
linear to quadratic Limiting DS86 to TGED

coefficients (kg) RBE (k) slope DS86 TGSD

0 1 1.1 6.6 6.2

10 1.8 5.9 3.2

20 2.4 5.3 2.2

50 3.7 4.1 1.1

100 5.0 3.0 0.6

0.4 1 1.0 4.4 4.3

10 1.6 4.1 2.6

20 2.1 3.8 1.8

50 3.1 8.1 1.0

100 4.0 2.4 0.6

1 1 1.0 3.0 3.0

10 1.4 2.8 2.0

20 1.8 DT 1.5

50 2.6 2.3 0.9

100 3.8 1.9 0:5

The basic model for these analyses is p=ﬁ0+.ﬂl(dg+k d2+k d_). The estimate
of py is compared under various assumptions regarding curvature (]‘;g) and
the limiting value of the HBE of neutrons (kn).

ARBORATF VI p= By + B (d,+kd2+kd) Chs. #F (k) Ld T O RBE OBGEE (k)

T Atk e 2RED G LT, A OHEME L A

It should be emphasized that the main reason for the
increasing disparity between DS86 and T65D slopes
with increasing assumed RBE is that the T65D
slopes decrease much more rapidly with decreasing
RBE than do the DS86 slopes, because of the greater
neutron component in the T65D dose estimates.
Over the range of RBEs considered, T65D slopes
decrease by about an order of magnitude (for any
of the k, values used), while the decreases for DS86
are only about 50%.
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DISCUSSION

In this paper, we have focused on the comparison of
chromosome aberration dose-response curves based
upon T65D dosimetry with curves based upon DS86
dose estimates. The results indicate that, in terms
of shielded kerma combined for both cities, the use
of the new dosimetry leads to increases of almost
60% in the change in aberration frequency per unit
estimated dose averaged over the two cities. In
terms of marrow dose, without regard to RBE,
there is little change in the aberration dose-response
when averaged over the two cities. However, under
reasonable assumptions about the limiting (0 Sv)
RBE for neutrons, the results presented here indicate
that the slope for DS86 marrow dose equivalent is
more than twice that obtained when T65D estimates
were used.

These analyses indicate that with either dosimetry,
even after allowing for overdispersion, there is
evidence of nonlinearities in the dose response
for the low dose range in both citics. Although
the smoothed curves shown in Figure 2 and the
parameter estimates in Tables 5 and B suggest
that city differences in the dose-response functions
are reduced with the new dosimetry, there are
statistically significant differences between the cities
even with the new dosimetry. Generally, these
differences reflect the fact that for Nagasaki the
slope of the dose-response function is somewhat less
than that for Hiroshima. This pattern is similar to
the (nonsignificant) city differences seen in analyses
of other endpoints, viz, cancer mortality14 and
epilation,?! for survivors in the LSS cohort.

As has been noted above, it is virtually impossible
to use these data to produce a precise estimate of
the RBE of neutrons. However, because of the
reduction in the proportion of the total dose arising
from neutrons, DSB6 estimates are less sensitive
to changes in the assumed (limiting) value of the
RBE than were T65D estimates. In the present
context, an important effect of this is to make the
comparison of DS86 and T65D estimates of the
dose-response curves quite sensilive to assumptions
about the neutron RBE.

One of the striking features of these data is the
overdispersion of the proportion of cells with aber-
rations relative to what one would expect under
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a simple binomial model. This overdispersion
is especially noticeable at high doses as seen in
Figure 3. Our analyses indicale thal the change
in dosimetry does nothing to reduce the degree of
overdispersion. This is not particularly surprising
since the extra-binomial variation in these data most
certainly reflects the effect of random errors in
the dose estimates which are present with either
dosimetry.

Bioloegical reasons for the overdispersion remain
unclear. One possible explanation is that those
survivors who had a higher or lower frequency of
chromosome aberrations than expected al the esli-
mated dose may, at least in part, represent human
phenotypes with extreme radiation susceptibility or
resistance.  Alternatively, there is evidence for
the presence of clones formed by T lymphocytes
wilh identical chromosome aberrations especially
among heavily exposed survivors.® Such an in vivo
clonal expansion of cells with stable-lype chromo-
some aberrations may be attributed to the preferen-
tial proliferation of cylogenetically impaired stem
cells induced by ionizing radiation after A-bomb
exposure.

All of the analyses carried out for this report have
allowed for this exlra-binomial variability. This
adjustment is necessary since failure to allow for
the overdispersion leads to standard errors which
are less than one-third of those given above. Thus,
significance levels in an unadjusted analysis would
be substantially overstated. An additional effect of
the overdispersion is to complicate attempts o use
these data as a biological dosimeter in the LSS,
since the uncertainties associated with any such
estimated dose are increased.
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