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Summary

This paper investigates the quantitative relationship of ionizing radiation to
the occurrence of posterior lenticular opacities among the survivors of the atomic
bombings of Hiroshima and Nagasaki, as suggested by the DS86 dosimetry
system. DS86 doses are available for 1,983 (93.4%) of the 2,124 A-bomb survivors
analyzed in 1982. The DS86 kerma neutron component for Hiroshima survivors
is much less than its comparable T65DR component, but is still 4.2-fold higher
(0.38 Gy at 6 Gy) than that in Nagasaki (0.09 Gy at 6 Gy). Thus, if the eye is
especially sensitive to neutrons, some useful information on neutron effects may
yet be discernible, particularly in Hiroshima. The dose-response relationship
has been evaluated as a function of the separately estimated gamma-ray and
neutron doses. Among several different dose-response models with and without
two thresholds, we have selected the the one with the smallest X or the largest
log likelihood value associated with the goodness of fit. The best fit is a linear
gamma-linear neutron relationship which assumes different thresholds for the
two types of radiation.

In the DSB86 system, both gamma-ray and neutron regression coefficients for the
best-fitting model are positive and highly significant for the estimated energy
deposited in the eye, here termed the eye organ dose. The DS86 gamma
regression coefficient is almost the same as that associated with the T65DR
gamma kerma, the ratio of the two coefficients being 1.1 (95% confidence limits:
0.5-2.3) for DS86 kerma in the individual data. If the risks hased on the DS86 eye
organ dose and DS86 kerma are compared, the ratio is 1.3 (0.6-2.8). However,
the risk estimates associated with neutron exposure are 6.4-fold (2.2-19.2) higher
for the DS86 kerma than for the T65DR kerma and 1.6-fold (0.5-5.2) higher for
the DS86 eye organ dose than for the DS86 kerma.

§The complete text of this report will not be available in Japanese.
A paper based on this report has been accepted for publication in Radiation Research.
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The relative biological effectiveness (RBE) values based on the individual gamma
and neutron components of the DS86 eye organ dose are estimated to be 32.4
+ 0.73/(D,, — 0.06) > 0 with the 95% confidence limits ranging from 11.8 to 88.8
+ 1.39/(D, — 0.06) > 0, where D, is the neutron dose in gray. When such a
threshold for the neutron dose is used, the RBE estimates are 105 at 0.01 Gy
when D, is 0.07 Gy, 40 at 0.10 Gy when D, is 0.16 Gy, 36 at 0.20 Gy when D,
is 0.26 Gy, 35 at 0.30 Gy when D, is 0.36 Gy and so on. The RBE value with
the 85% lower bound suggests the constant to be 12. It should be noted that we
cannot estimate the RBE when D, is less than or equal to 0.06 Gy based on the
restriction of (D, — 0.06) > 0.

In any case, these values strongly suggest that the neutron component could
be more important for the eyes than for other -sites of the body. If we take
into consideration the 95% lower bound of the neutron threshold includin g zero,
we estimate the RBE values as 32.4 + 0.73/D), with a range from 11.8 to 88.8
+ 1.39/D,. Finally, it is interesting to observe that a linear-quadratic gamma
and linear neutron model with two thresholds, which fits the data less well,
produces very similar estimates of the two thresholds as the linear gamma-linear
neutron-response model. In this model, however, the regression coefficient is not
significantly associated with the quadratic gamma response.

Introduction

Damage to the lens is a well-recognized sequela of exposure of the eye to ion-
izing radiation.! Cataracts have been observed experimentally in several species
of laboratory animals®~% after X-ray or neutron exposure and they have also been
seen clinically in man® following similar exposures. Radiation cataracts have also
been observed in cyclotron workers? and in A-bomb survivors in Hiroshima and
Nagasaki. Since the original description of radiation-related cataracts among
A-bomb survivors by Cogan et al® in 1949, many ophthalmologic reports of a
clinical, histopathological, or statistical nature have been published.®=!% Tt is
apparent from these studies as well as others that radiation-induced cataract
is, in its early stages, at least, a highly characteristic lesion. It is generally
defined as a central, posterior subcapsular opacity, easily visible with a slit lamp
biomicroscope or an ophthalmoscope.

In 1982, a reexamination of these earlier findings on posterior lenticular
opacities among A-bomb survivors in Hiroshima and Nagasaki was initiated by
Otake and Schull.'® They examined the dose-response relationship of lenticular
opacities to gamma and neutron exposures based on three different dosimetry
systems, i.e., the tentative 1965 dose estimates revised (T65DR),?™2! the Qak
Ridge National Laboratory estimates (ORNL),2? and the Lawrence Livermore
National Laboratory estimates (LLNL).?® These latter two reassessments were
tentative, since their estimates of individual exposure used were based on the
T65DR dosimetry system and the average attenuation factors which were then
under extensive review,
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In March 1986, as a result of a comprehensive reevaluation of the exposures of
the A-bomb survivors of Hiroshima and Nagasaki, a new method for estimating
individual doses was introduced, termed the Dosimetry System 1986 (DS86).24
There are important differences between this system and its predecessor. The
T65DR kerma estimates are merely the estimates of free-in-air kerma multiplied
by average correction factors for structural materials. The organ or tissue doses
based on the T65DR system are also estimated using fixed coefficients to describe
the attenuation of radiation in tissue.?” On the other hand, the new DS86 kerma
estimates are individually computed without use of explicit average building
transmission factors. Estimates of the energy deposited in the eye, based on
the T65DR dosimetry, are not available, but such estimates do exist for the DS86
dosimetry. We shall hereafter refer to the latter as the DS86 eye organ dose.

In the present study, we will evaluate the relationship of gamma rays
and neutrons to the occurrence of posterior lenticular opacities among A-bomb
survivors using the newer DS86 dose estimates, and we will briefly compare
these risk estimates with those derived from the earlier T65DR dosimetry.

Materials and Methods

Miller et al'* reviewed the major ophthalmologic surveys conducted at ABCC
in 1949-62 and undertook a large investigation in 1963-64!5 to evaluate the
effects of ionizing radiation on the lens of the eye. The appendix of their report
lists 84 persons (56 in Hiroshima and 28 in Nagasaki) with ostensible posterior
opacification of the lens observed with an ophthalmoscope and later examined
with a slit lamp. In 1982, we reviewed all of their medical records.!® As a result,
five cases in Hiroshima and two in Nagasaki were excluded, for either there was
no recorded slit lamp confirmation or the slit lamp revealed a cortical (including
anterior subcapsular) or a nuclear opacity but no posterior subcapsular defect. We
considered a) the slit lamp more reliable and accurate than the ophthalmoscope
in the localization of a lenticular lesion and b) evidence of a posterior subcapsular
defect to be the sine qua non of a radiation-induced lesion. Interestingly, three
of the five cases exhibited only nuclear opacities which were interpreted in two
instances as congenital by the ophthalmologist, and one case, exhibiting only an
anterior subcapsular defect, was not in the city at the time of the bombing (ATB).
Finally, the children exposed in utero have also been excluded; only one of the
309 prenatally exposed survivors examined was observed to have any degree of
lens opacification. Thus, our analysis rests on 76 of the 84 cases in the Adult
Health Study (AHS) population®® reported by Miller et al.!® Detailed information
on these cases will be found in Appendix 1 compiled by Otake and Schull.!?

Dosimetry

For comparative purposes, the results of three analyses will be presented,
one based on the estimates of kerma using the T65DR, the second based on the
DS86 kerma, and the last based on the DS86 eye organ dose. As previously
stated, estimates of the energy deposited in the eye, based on the T65DR
dosimetry, were not included among the 18 organs studied by Kerr.?® In the
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D386 system, individual doses are computed in one or the other of two ways.”
When detail shielding histories exist for survivors within 1,600 m of hypocenter in
Hiroshima (within 2,000 m in Nagasaki), dose estimates are obtained by modeling
directly the circumstances attending an individual’s exposure including posture
and orientation toward the burst point; fixed transmission coefficients are not
used. These estimates are termed direct. At distances beyond 1,600 m (or
2,000 m), individual doses are assigned in most instances by regression methods
which employ average transmission factors computed from the experiences of
individuals exposed between 1,000 and 1,600 m in Hiroshima (or between 1,000
and 2,000 m in Nagasaki). Such estimates are said to be indirect. However, it
should be noted that whenever a detailed shielding history was available, even if
exposure occurred beyond 1,600 m (or 2,000 m), the direct method of computation
was used. Appendix 1 gives the number of individuals within the ophthalmologic
study population whose doses were directly and indirectly estimated by dose
groups.

To examine briefly the comparative risks between the DS86 dose estimates
and those derived from the T65DR dosimetry, individuals have been classified
on the basis of their estimated combined gamma and neutron exposures into the
same dose intervals for the T65DR kerma, DS86 kerma, and DS86 eye organ
dose. If the total (gamma + neutron) kerma or organ dose exceeded 6 Gy, it
was truncated to 6 Gy. Table 1 shows the correspondence in estimated kerma
between the two systems. The DS86 sample used here consists of 1,983 (93.4%)
of 2,124 subjects, 1,325 (95.1%) of 1,393 in Hiroshima and 658 (90.0%) of 731 in
Nagasaki. Of these 76 individuals who exhibited lenticular opacities, 71 (93.4%)
are included in the DS86 sample (Table 2 and Appendix 2). Figure 1 shows their
distribution by the gamma and neutron components of the DS86 eye organ dose
and by city.

It should be noted that in Table 2 the mean gamma and neutron doses for
the 6+ Gy group differ from those given in the previous paper!® in 1982. At that
time, individuals ostensibly exposed to more than 10 Gy were given the same
mean gamma and neutron doses observed in the 6.00-9.99 Gy group in their
respective cities. As is evident from Table 1, the principal difference between
the T65DR and DS86 samples is a shift from high estimates with the T65DR
dosimetry to lower estimates with the DS86.

Statistical Considerations and Methods

The extent of the biological effects on the eye resulting from exposure to
ionizing radiation was determined primarily by the quantitative and qualitative
relationship of dose and its effect. A number of different relationships can
be envisaged: These include situations in which the effects increase linearly,
quadratically, exponentially or logistically with dose. However, given that
the cellular events involved in radiation-related cataractogenesis in man are
imperfectly known, all dose-response models are conjectural to some extent. Their
applicability can be evaluated only by an appeal to experimental findings on
infrahuman species, to models fitted to other radiation-related biological events,



Table 1. A comparison of the individual T65DR and DS86 dose estimates in the study sample by city

D586 kerma in gray

TE5DR kerma
dose in gray <001 0.01-049 0.50-0.99 1.00-1.99 2.00-299 3.00-3.99 4.00-4.99 5.00-599 6.00+ Sﬂbjjsfzple Unknown  Total
Hiroshima
<0.01 300 300 0 300
0.01-0.49 169 19 188 19 207
0.50-0.99 54 143 6 203 8 211
1.00-1.99 145 158 3 306 13 319
2.00-2.99 111 28 139 3 147
3.00-3.99 14 53 13 80 5 85
4,00-4.99 2 35 14 3 54 2 56
5.00-5.99 5 12 2 1 20 7 27
6.00+ 2 5 9 13 8 35 6 41
Total 300 293 307 201 126 44 14 14 5 1325 68 1393
Nagasaki
<0.01 227 227 0 277
0.01-0.49 3 101 104 22 126
0.50-0.99 53 1 64 19 83
1.00-1.99 9 57 17 83 15 98
2.00-2.99 30 51 1 82 4 86
3.00-3.99 1 33 10 1 45 5 50
4.00—4.99 5 16 3 25 1 2
5.00-5.99 3 6 9 2 11
6.00+ 9 1 6 4 6 19 5 24
Totai 230 163 a9 110 35 5 6 4 6 658 73 731

689 Hi 4534



Table 2. Occurrence of lens opacification by city and dose based on T65DR kerma, DS86 kerma, and DS86 eye organ dose*

Hiroshima Nagasaki
Dose group
aL Mean age Mean age
Total Gamma Neutron Examined gpp  Positive % Total Gamma Neutron Examined arp  Positive %
T65DR kerma
<0.01 0.00 0.00 0.00 300 29.5 3 1.0 0.00 0.00 0.00 227 21.0 2 0.9
0.01-0.99 049 0.39 0.10 418 30.5 3 0.7 0.43 0.43 0.00 208 25.8 5 24
1.00-1.99 1.43 1.12 0.31 319 30.3 5 1.6 1.49 1.47 0.02 98 24.0 1 1.0
2.00-399 283 214 0.69 232 26.0 17 7.3 2.85 2.81 0.04 136 25.8 8 5.8
4.00-5.99 4,74 3.55 119 83 26.6 9 108 4.68 4,60 0.08 37 23.1 4 10.8
6.00+ 6.00 419 1.81 41 26.3 14 341 6.00 5.83 017 24 24.0 5 20.8
Total - - - 1393 291 51 3.7 - - 731 239 25 3.4
DS86 kerma
<0.01 0.00 0.00 0.00 300 29.5 3 1.0 0.00 0.00 0.00 230 21.2 2 0.9
0.01-0.99  0.54 0.53 0.01 530 306 6 11 0.40 0.40 0.00 262 25.3 7 2.7
1.00-1.99 1.40 1.35 0.05 291 29.0 5 L 1.38 1.37 0.01 110 249 7 6.4
2.00-399 265 2.63 0.12 170 25.7 20 11.8 2.53 2.50 0.03 40 219 4 10.0
4.00-5.99 498 487 0.31 28 26.8 11 39.3 4.87 4.79 0.08 10 17.0 2 200
6.00+ 6.00 5.62 0.38 6 27.0 3 500 6.00 5.91 0.09 6 19.3 i 16.7
Total - - - 1325 29.3 48 3.6 - - - 658 234 23 3.5
D386 eye organ dose

<0.01 000  0.00 0.00 300 295 3 10 0.00  0.00 0.00 230 21.2 2 09
0.01-099 054 053 0.01 587 306 B 040  0.40 0.00 248 24.9 8 2.8
1.00-1.99 1.43  1.40 0.03 269  28.3 9 33 1.38  1.37 0.01 101 26.0 8 7.9
2.00-399 2.64 2.56 0.08 143 25.5 18 126 2.56 2.54 0.02 30 21.3 3 10.0
400-599 487 487 0.20 26 98.0 11 423 490 485 0.05 12 14.8 2, 154
6.00+ . - - 0 - 0 - 6.00 5.92 0.08 1 } 0

Total - - - 1325 29.3 48 3.6 - - 658 23.4 23 a5

"The gamma and neutron estimates for those survivors who ostensibly had a total dose of more than 6 Gy have been arbitrarily truncated to 6 Gy.

68F H1 4434
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Figure 1. The distribution by city of the 71 cases with lenticular opacities based on the
estimated DS86 absorbed doses to the eye of gamma rays and_neutron

Note that the neutron dose in one instance in Hiroshima (MF#-J is much higher than
the dose in any other case.

to statistical judgments of “goodness of fit,” or to apparent “reasonableness.” A
Task Group of the International Commission on Radiological Protection (ICRP)
has stated that “the dose response for cataract induction by ionizing radiation,
whether of high or low LET, seems to be highly sigmoid.”” A second Task Group
of Committee I of ICRP has reiterated this position. Both the commission and the
task group assume the production of cataracts to be a nonstochastic phenomenon,
one which can be totally avoided with appropriate dose limits; i.e., both assume
a threshold below which radiation cataracts do not occur. The latter, for a single
exposure, has been commonly taken to be around 2 Gy.

Suppose, now, that P is the probability that an individual who has received
doses, D, and D,, of gamma and neutron radiation, respectively, will develop
a posterior subcapsular opacity. Assume further that n;; is the number of
independent individuals examined in the ij'* dose group of whom a;; are affected
(i = gamma dose category; j = neutron dose category). If the a;; are binomially
distributed, then the likelihood of observing the entire data set or binary array
is

Ly =TI (1) (Byesa = pyyomes or L=TIPHAL=P)?

if ij

where y is 1 for an individual with lenticular opacities and 0 for others.
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As simple approximations, we have fitted two models, but present only the
formulas for the case of the individual binary data. One assumes the dose
response to be linear for both gamma rays and neutrons, i.e.,

Py =+ ﬁTD‘rk + ﬁuka . (A)

The other assumes a linear-quadratic response to gamma irradiation, but a linear
one to neutrons, i.e.,

Py =a + ﬁ-yD-yk =} 18-)4 D-?-;; i Jeuka : (B)

The variations which arise from the assumption of a threshold (or thresholds) of
damage in the occurrence of radiation-dependent lenticular opacities have been
fitted to the following models:

Pie = ap + By(Dyk — T3) + Bo(Dur — T) (6})}
and

Py = ag + By(Dyp — I'r) + Byz (Dyr — T‘r)z +Bv(Dyr —T,) , (D)

where (C) and (D) hold only if (D, — 74) >0 and (D,x — 7,)>0, T, and T, are
thresholds of gamma and neutron doses, respectively, and k = 1 or 2 (Hiroshima
or Nagasaki, respectively), etc. In the frequency data, we have used mean doses
in the various dose categories, and in the binary response data, we have used the
individual dose estimates.

The parameters of these models were estimated by the method of maximum
likelihood (ML), assuming the observed number in each cell to be a binomial
variate having an expected value based on the model equation. The data used
to assess the dose-response relationship are given by city and six total dose
categories in Table 2. The smallest x* or largest log likelihood value was selected
from a number of X* or log likelihood values obtained through assigning successive
incremental values to 7, the gamma-ray threshold for a given 7, (the neutron
threshold), where 7, was taken to be 0, 0.05, 0.10,..., Gy. The 95% confidence
limits were determined from the same likelihood ratio x* statistic, namely,

x? =—2 log[L(X | TH)/L(X | T)] )

where T* = L (a 95% lower bound) or U (a 95% upper bound) and T is the ML
estimate of the threshold.?®

Results

The number of cases of lenticular opacities and subjects with their mean ages
ATB, mean gamma and mean neutron doses corresponding to each dose group
are given by T65DR kerma, DS86 kerma, and DS86 eye organ dose in Table 2. As
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can be seen, by applying the DS86 dose estimates in Hiroshima and Nagasaki,
a large number of subjects shift from higher to lower dose groups as compared
to their T65DR exposures. In particular, the number of individuals exposed to 6
Gy or more decreases from 41 (T65DR kerma) to 6 (DS86 kerma) to 0 (DS86 eye
organ dose) in Hiroshima and from 24 to 6 to 1 in Nagasaki. The contribution of
neutrons to the total mean DS86 kerma is only 0.38 Gy (6.3%) at 6 Gy total kerma
in Hiroshima and 0.09 Gy (1.5%) in Nagasaki, as contrasted with 1.81 Gy (30.2%)
in Hiroshima and 0.17 Gy (2.8%) in Nagasaki using the T65DR dosimetry. The
observed risk rates based on the DS86 dose estimates are higher than those seen
with the T65DR doses. This trend is stronger in Hiroshima than in Nagasaki
(Figure 2).

60
T65DR kerma
50 |-

a0 L

o——— Hiroshima
30 | #-——--8 Nagasaki

20

Rate of opacity (%)

10

s 1 1 L 1
1.00 2.00 3.00 4.00 5.00 6.00

60 r
DS86 kerma

50 |- T

40 |-

30 |

20 L ___4»._,_5_“‘_

Rate of opacity (%)

10

DS86 eye organ dose

Rate of opacity (%)

1.00 2.00 3.00 4.00 5.00 6.00
Radiation dose in gray

Figure 2. Occurrence rate of lenticular opacities and 95% confidence intervals by type of
dosimetry and city

w0
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Age at exposure could be a determinant in the occurrence of a lenticular
opacity and ages ATB may be unequally distributed among the exposed and the
nonexposed. The mean age of the city-specific data changed from 29.3 years
ATB in Hiroshima to 23.4 years ATB in Nagasaki for the DS86 subsample. This
difference between the cities in mean age at exposure is highly significant in
both samples, but in neither city does age increase systematically with dose. A
test of the homogeneity of the mean ages within the six dose categories by city
reveals significant heterogeneity for the DS86 dosimetry system as well as the
T65DR. Significance appears to be ascribable largely to a difference in mean ages
between the lower and higher dose groups. The mean age in the higher dose
group is significantly less than that in the lower dose group in both cities, which
suggests that age ATB could contribute spuriously to the effect of radiation.

To examine this matter further, three different regression analyses of the
individual binary response data (1 or 0) were made, each of which includes age
and city as well as gamma and neutron doses among the independent variables
(Appendix 3). With all three models indicated in Appendix 3, the regression
coefficient associated with the neutron dose is more strongly positive than the
coefficient associated with the gamma-ray dose. A highly significant difference
was also observed for the regression coefficients associated with city and age for
the three different estimates of dose using Model 1. Based on the log likelihood
value, Model II, which includes city-specific age effects, gives almost the same fit
as Model I. No significant difference between cities is noted with Model II. Model
III, which takes into account city-specific background effects, gives not only a
good or reasonable fit but also a stable positive estimate for all the expectations.
Therefore, the differences in age at exposure did not have a strong effect on the
occurrence of opacities of the lens. Accordingly, we will focus on the four models
with and without thresholds described in Statistical Considerations and Methods.

Dose-Response Relationship and Thresholds

The parameter estimates and the goodness of fit for the models with and
without thresholds for the grouped data are shown in Table 3. As is evident from
the results given in this table, a linear-linear (L-L) regression model without a
threshold does not fit either the T65DR kerma data (P < 0.01), the DS86 kerma
data (P = 0.02), or the DS86 eye organ dose data (P = 0.03), but it does fit a
linear-quadratic-linear (LQ-L) model without a threshold. In the latter instance,
although the regression coefficients associated with the square of the gamma-ray
dose and the neutron dose are significant for all three sets of dose estimates,
the linear gamma coefficient is not. However, since it is reasonable from a
radiobioclogical standpoint to assume that two different thresholds may exist, one
associated with gamma and the other with neutron exposure, thresholds were
included in the model fitting. Their inclusion improves the fit of both the L-L
model and the LQ-L model, and statistically significantly so in most instances.
As is evident from the results in Table 3, both regression coefficients in the L-L
model with two thresholds are significantly different from zero, whereas in the
LQ-L model with two thresholds only two of the three regression coefficients are.
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Table 3. The relationship of the occurrence of lenticular opacities to exposure based on using the
grouped T65DR, DS86 kerma, and DS86 eye organ gamma and neutron doses

Maximum likelihood estimates of regression coefficients

Dosimetry . ) = . R X z A
G ay  B,107%Gy) B,:107%Gy) [,Gy) T,Gy) Tu(Gy) x?df Prob.
Model A: Linear-linear model without threshold
T65DR 0.44 1.10 1.54** 0.05* - 22 87 <0.01L
(0.24) (0.59) (0.52) (0.02)
DS86 0.47 1.99 0.98 0.67* . 18.07 0.02
(0.26) (0.85) (1.00) (0.26)
Eye organ 0.47 2.05 1.06 1.10* - 13.98 0.03
(0.26) {0.88) (1.24) (0.49)
Model B: Linear-quadratic and linear model without threshold
T85DR 0.70 2.08 -1.890 0.96™" 0.08** - 9.39 0.23
(0.35) (0.75) (1.08) (0.28) (0.03)
DS86 0.75 1.97 —0.26 1.24** 0.16 - 10.22 0.18
(0.39) (0.80) (1.15) (0.45) (0.34)
Eye organ 0.67 2.00 0.13 1.18* 0.38 - 3.18 0.15
(0.37) (0.87) (1.41) (0.53) (0.67)

Note: a5, an, ,.{‘?.},, f?..fz, and f3,, are the estimates of city-specific intercepts per 100 individuals (H=Hiroshima, N=Nagasaki) and the regression
coefficients associated with gamma dose, gamma dose squared and neutron dose, expressed in kerma and organ, respectively. ?‘T and f‘,, are the
thresholds estimated for gamma and neutron exposures and x? is a measure of the “goodness of fit” of the stated mode. Standard errors for
the various estimates are given in parentheses beneath each individual estimate. Under the threshold estimates are given the upper (U) and lower
(L) 95% confidence bounds. The estimate, 1.54, of {}_rlﬂﬁg((}y) for T65DR in a linear-linear model without threshold means 0.0154 Gy. Significance

levels: SU8p <010, *p <0.05, and **p < 0.01
(Continued on the next page)
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Table 3. Continued

Maximum likelihood estimates of regression coefficients

Dosimetry 2 - 5 - i
oy an 5710_2((33'} ﬁ.rzli]“‘(Gy) B,(Gy) T (Gy) T,(Gy) x2 Prob.
Mode] C: Linear-linear model with two thresholds

T65DR 0.8¢ 151 3.70%* 0.10%" 1.67* 0.24 6.30 0.39
(0.31) (0.52) (1.04) (0.03) (L=0.73, U=2.67) (L=0, U=0.59)

D386 0.98 219 4,35%* 0.98™ 1.00 0.08* 5.31 0.50
(0.31) (0.66) (1.41) (0.42) (L=0, U=1.37) (L=0.02, U=0.31)

Eye organ 0.75 2.07 3.107" 1.81*" 0.35 0.05* 4.28 0.37
(0.34) (0.66) (0.87) (0.64) (L=0, U=1.15) (L=0.01, U>0.20)

Maodel D: Linear-quadratic and linear model with two thresholds

T65DR 0.85 1.55 2.06 0.47 0.10™* 1.47 0.25 5.89 0.32
(0.31) (0.54) (2.00) 0.67) (0.03) {L=0, L=2.64) (L=0, U=0.64)

D586 0.98 2.16 7.16%* —0.78 5 s G 1.14 0.10% 5.03 0.41
(0.32) (0.64) (2.25) (0.83) (0.51) (L=0, U=2.04) (L=0.01, U>0.38)

Eye organ  0.75 2.07 310" <0.01 1.817 0.35 0.05" 4.28 0.23
(0.35) (0.66) (1.41) (0.87) (0.79) (L=0, U=1.22) (L=0.01, U>0.20)
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The regression coefficient for the gamma dose squared is not significant for either
the T65DR kerma, the DS86 kerma or the DS86 eye organ doses. The critical
x* values for the goodness of fit to the L-L model with two thresholds are smaller
than those associated with the LQ-L model, with and without two thresholds,
irrespective of the dose estimates used.

To explore the dose-response relationship further, the L-L model with two
thresholds was fitted to the individual binary response data. Analytic approaches
based on individual dose estimates are more powerful in the statistical sense
than regression analyses from mean dose estimates of grouped data. The results
of such fitting to the individual binary data based on the T65DR kerma, DS86
kerma, and DS86 eye organ dose are shown in Table 4. It should be noted that
the regression coefficients that emerge from fitting to the individual doses do not
differ markedly from those found with the grouped data, but the estimates of the
two thresholds, based on the T65DR kerma, change somewhat, decreasing from
1.67 Gy to 1.35 Gy for gamma rays and increasing from 0.24 Gy to 0.56 Gy for
neutrons. When the DS86 kerma and eye organ doses are used, the estimate
of the gamma threshold decreases slightly from 1.00 Gy to 0.86 Gy with the
former doses and increases from 0.35 Gy to 0.73 Gy with the latter doses, but the
estimates of the neutron threshold are almost the same, being 0.05 Gy and 0.06
Gy. The 95% upper bound for the gamma threshold is 1.41 Gy for the DS86 kerma
and 1.39 Gy for the eye organ dose. The 95% upper estimates for the gamma
threshold are obviously very close, a reasonable finding from a radiobiological
standpoint. The regression coefficients for gamma rays and neutrons in the L-L
model with two thresholds are highly significant (P < 0.01) for all three different
sets of doses, i.e., T65DR kerma, DS86 kerma, and DS86 eye organ dose.

The gamma regression coefficient, based on the L-L model with two thresholds,
is almost the same as that for the T65DR kerma, the ratio of the coefficients being
1.1-fold with 95% confidence limits of 0.5 and 2.3 for the individual DS86 kerma
data. When we compare the DS86 gamma kerma risk with that for the DS86 eye
organ dose, the changes are slightly greater, being 1.3-fold with 95% bounds of
0.6 and 2.8; whereas the ratios for the neutron regression coefficients are 6.4-fold
higher with 95% bounds of 2.2 and 19.2 for DS86 kerma, and the risks for eye
organ dose are 1.6-fold higher than those for DS86 kerma with 95% bounds of
0.5 and 2.3 (Tables 3 and 4).

Estimation of RBE

The estimates of RBE based on the L-L. model with two thresholds are given in
Table 5 with their 95% confidence bounds for the grouped as well as the individual
dose data. The method of estimation of the RBE and its 95% lower and upper
bounds is described in Appendix 4. The RBE in the individual lenticular opacity
data gives a comparatively conservative estimate for eye organ dose. Table 5
shows the changes in the RBE and their 95% lower and upper bounds from
individual doses on the basis of T65DR kerma, DS86 kerma, and DS86 eye organ
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Table 4. The relationship of the occurrence of lenticular opacities to exposure based on using
the individual T65DR, DS86 kerma, and DS86 eye organ gamma and neutron doses

Maximum likelihood estimates of regression coefficients

Dosimetry - — Log likelihood
aH &N 3,107%Gy) B107%Gy) B,Gy) T,@Gy) T,(Gy) value
Model A: Linear-linear model without threshold
TesDR 0.40 1.32 127 0.06"" - - -278.5
(0.22) (0.60) (0.44) (0.02)
DS86 0.44 213 0.56 0.74™ - - -258.7
(0.24) (0.08) (0.91) (0.24)
Eye organ 0.46 2.03 0.87 128" - - —261.4
(0.25) (0.78) (1.21) (0.46)
Model B: Linear-quadratic and linear model without threshold
T65DR 0.61 2.06 -1.797 0.89%* 0.08* - - -271 .6
(0.32) (0.71) (0.88) (0.25) (0.02)
DS86 0.62 2.93 -0.76 0.93* 0.475v8 : : —255.5
(0.34) (0.78) (1.06) (0.39) (0.28)
Eye organ 0.63 2.07 -0.17 1.06" 0.56 3 : -258.7
(0.34) (0.76) (1.21) (0.46) (0.54)
See the deseription in Table 3. (Continued)
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Table 4, Continued

Maximum likelihood estimates of regression coefficients

Dosimetry Log likelihood
ap an  B107°Cy)  p2107%Gy)  B,(Gy) T,(Gy) T,(Gy) value
Model C: Linear-linear model with two thresholds

T65DR 0.97 1.42 3.39"* 0.14** 1.35" 0.56" —-268.1
(0.31) (0.51) (0.78) (0.03) (L=0.53, U=2.01) (L=0.32, U=1.29)

DS86 0.96 218 3.62** 0.90** 0.86 0.07" —253.3
(0.31) (0.66) (1.18) (0.34) (L=0, U=1.41) (L=0.02, U=0.23)

Eye organ  0.98 213 457" 1.48* 0.73 0.06 -257.4
(0.32) (0.64) (1.11) (0.67) (L=0, U=1.39) (L=0, U=0.16)

Model D: Linear-quadratic and linear model with two thresholds

T65DR 0.95 1.44 3.205v8 0.05 12 £ 1.38 0.46™ -268.2
(0.30) (0.52) (1.71) (0.56) (0.03) (L=0, U=2.10) (L=0.20, U=1.36)

DS36 1.01 227 7.617" -1.07 0.99 1.20 0.09™ —-252.7
(0.31) (0.64) (2.31) (0.75) (0.41) (L=0, U=1.59) (L=0.03, U>0.27)

Eye organ 1.05 2.27 T.61** 0.1 1.69" 0.96 0.06 -257.0
(0.32) (0.65) (2.37) (0.01) (0.85) (L=0, U=1.53) (L=0, U=0.16)
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Table 5. RBE and 95% confidence limits based on a L-L. model
with two thresholds

95% Confidence limits

Dosimetry RBE
Lower Upper
Grouped data
T65DR Y T S Lis e
(D, —0.24)>0 (D,-0.24)>0 (D, -0.24)>0
DS86 Wp s a0 78 + of B ¢ — A
(D,,—0.08)>0 (D,—0.08)>0
0.35 115
Eye organ 583 + ——— 240 + of 1418 + —————~
yeorg (D,—0.05)>0 (D,—0.06)>0
Individual data
) 1.35 0.53 2.01
T65DR 41 ¢ =09 9F 4 —— B8O+ —=—
(D,—0.56)>0 (D,-0.56)>0 (D,—0.58)>0
DS86 A 0 9.3 + of Biw sy
(D,-0.07)>0 (D,—0.07)>0
Iiye organ 324 + () 11.8 + of 88.8 + LAY
D,-0.06)>0 (D,—0.06)>0

Denotes that the calculation of estimates close to a 0 Gy gamma dose, which are dependent upon the lower
bound, T-'-,L, is not possible with the DS86 kerma or eye organ doses. D, in the expression (D), — T},)>0 is the
neutron dose in gray, and T, is either the estimate of the neutron threshold or its upper or lower 95% bound.
The maximum likelihood (ML) estimates of the variance and the standard deviation are given in Tables 3 and
4. The MLsof covariance, Cov (., f,), are ~0.151 X 107 5(Gy) for T65DR, ~0.417 X 10 4(Gy) for DS86
kerma, and —0.306 X 10_4((})?) for eye organ dose in the grouped data of Table 3, and —0.112 X 10_5(Gy] for
T65DR, —0.271 X 10~ 4(Gy) for DS86 and —0.429 X 10~ 4(Cy) for eye organ dose in the individuals of Table 4.

dose. The RBE values associated with lenticular opacities in the individual data
are found to be 111 (95% CI: 9 to 207) at 0.08 Gy of neutrons when we consider a
neutron threshold of 0.07 Gy, 53 (9 to 113) at 0.10 Gy, 27 (9 to 70) at 0.5 Gy, 26
(9 to 68) at 1 Gy for DS86 kerma, and 105 (12 to 228) at 0.07 Gy with a neutron
threshold of 0.06 Gy, 51 (12 to 124) at 0.1 Gy, 34 (12 to 92) at 0.5 Gy, 33 (12
to 90) at 1 Gy for eye organ dose. On the other hand, the RBE with a neutron
threshold of 0.56 Gy derived from the T65DR kerma in the individual data gives
38 (15 to 58) at 0.6 Gy and 7 (3 to 13) at 1 Gy, and in the grouped data, the RBE
for the T65DR kerma with a 0.24 Gy neutron threshold yields 170 (74 to 273) at
0.25 Gy, 9 (4 to 15) at 0.50 Gy and 5 (2 to 10) at 1 Gy. The RBE values for the
grouped and individual dose data are 3.7- to 4.8-fold higher for the DS86 kerma
than for the T65DR kerma, and 1.3- to 2.5-fold higher for the DS86 eye organ
dose than for the DS86 kerma.

16



RERF TR 4-89

Discussion

The eye is generally considered to be an organ sensitive to radiation. Damage
to any part of the eye may occur, but for long-term effects the most sensitive
structure is thought to be the lens. The characteristic feature of radiation cataract
is the initial axial opacity which ophthalmoscopically appears as a dot usually
situated at the posterior pole, and as this enlarges, small granules and vacuoles
appear around it. With continued enlargement, the opacity develops a relatively
clear center, giving it a doughnut-shaped appearance. At this stage, it is 8—4
mm in diameter.'> Unfortunately, the word “cataract” connotes to many a defect
which impairs vision, although it is also commonly used to describe any detectable
change in translucency in the lens. To avoid confusion we have adopted the
ICRP?" convention and used synonymously the phrases “lenticular opacities,”
“opacity of the lens” or “lens opacification,” since our data are not restricted to
those radiation-induced changes which impair vision measurably.

A causal involvement of radiation-induced damage to the epithelial cells in the
germinative zone of the lens in radiation cataractogenesis has not yet been proved.
However, the BEIR III report® notes that evidence from animal studies strongly
suggests this mechanism, on the basis of the differentiation of the affected cells
into abnormal lens fibers and the time coincidence between the appearance of lens
opacification and the rate of migration of lens epithelial cells into the posterior
lens cortex. Furthermore, the report points out that there is no direct evidence
that lens opacification depends on the killing of epithelial cells in the germinative
zone. The sigmoid cataract dose-response curves and the protective effect of
partial lens shielding provide evidence that other factors are involved in radiation
cataractogenesis in addition to cell-killing.

Our analysis also supports a sigmoid dose-response relationship with a
threshold (or thresholds) for lens opacification. In this study, however, the
extent of the opacification of the lens in either or both eyes has been classified
biomicroscopically as equivocal, minimal, small, moderate, or large. In most
instances, the degree of opacification was small or less (about 70%) and only five
opacities were classified as large. Dodo'® observed that in the majority of affected
survivors the degree of opacification is minimal to moderate, and unchanging, It
should be emphasized that bilateral involvement is much more common (67 cases
out of 76) than unilateral, and the correlation between the degree of opacification
in the left and right eyes is high (0.81, based upon the assignment of the numeric
values 1, 2, ..., 5 to the successive degrees of opacification). This suggests, in
turn, a high correlation in the exposure received by the left and right eyes of a
given individual and militates against an analysis which treats a subject’s two
eyes independently.
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As is evident from Appendix 2 and Figure 2, lenticular opacification does
not always appear consistent with estimated dose. However, opacification may
depend on individual sensitivity and the angular distribution of the radiation
upon the lens. The DS86 eye organ dose estimates are based on 12 mean angles
to the burst point, but the opacification in A-bomb survivors is not entirely
consistent with the angular distribution of the flash, Of 1,453 ophthalmologic
cases exposed to 0.01 Gy or more, almost 100% have directly estimated doses
(see Appendix 1). From Appendix 2, we see that the 68 individuals with opacities
for whom the angles are known (after the exclusion of 8 cases belonging to the
“not-in-city” or “distal group” for which no angular distribution information exists)
are randomly distributed with respect to the 12 directions from the burst point.
Estimates of eye organ dose also vary from low to high even for those survivors
who have a small opacity. This suggests, if the eye dose estimate is correct,
that the lens may have been exposed to substantial radiation, presumably from
scatter, even when the burst point was behind the individual. This seems counter
to intuition, and certainly, experimental evidence suggests that shielding of a
major portion, albeit not all of the lens, can protect against cataract formation.
Patently, it is difficult te ascertain in any given case whether all or only a part
of the germinative epithelium of the lens of an eye of a survivor was exposed. It
should be noted, however, that the experimental evidence is based on shielding of
the lens which approximates the contact with the cornea experienced with contact
lenses: a similar shielding in the context of the bombing seems unlikely.

Characterizing the shape of the dose-response relationship for radiation-
induced lenticular opacities among A-bomb survivors is an essential prerequisite
in predicting and quantifying the effect of radiation exposure. An apparent differ-
ence in the dose response between the two cities, based on the DS86 dosimetry
system, is also important from the radiobiological standpoint, specifically with
regard to the RBE. The neutron component of the radiation emitted by the
Hiroshima bomb, based on the new doses, is much less than that computed with
the T65DR dosimetry. The neutron dose in Hiroshima was 10.6-fold higher at 6
Gy than that in Nagasaki using the T65DR dosimetry, but is still 4.2-fold higher
in the DS86 dose, although the DS86 kerma neutron component in Hiroshima
is only 0.38 Gy at 6 Gy and in Nagasaki 0.09 Gy. However, if the eye is
especially sensitive to neutrons, this difference could still produce a difference
in risk between the cities, and the observed risks of lenticular opacities are
strikingly different (higher in Hiroshima than in Nagasaki), particularly in the
DS86 high-dose region. Couched in terms of dose equivalent, in Hiroshima, a
neutron eye organ dose of roughly 0.28 Gy (at a total eye organ dose of 6 Gy),
given an RBE of 86 (95% CI: 12 to 95), would be the equivalent of 10.1 Sv (= 36
% 0.28) with a range from 3.4 to 26.6 Sv based on a restriction of the neutron
threshold, i.e., (D,— 0.06)>0; whereas a neutron dose of 0.08 Gy in Nagasaki
with an RBE of 69 (95% CI: 12 to 158) is only 5.5 Sv (= 69 x 0.08) with a range
from 1.0 to 12.6 Sv. This fact suggests that the neutron component could be
more important for the eyes than for other sites in the body, reflecting either the
relatively greater contribution of neutrons to the total absorbed dose to the eye
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than to the total absorbed dose for deep organs, or an intrinsically higher RBE for
cataracts than other endpoints, or both. When we evaluated the interactive effect
between gamma and neutron components in the L-L model with two thresholds,
both neutron and interactive effects showed no significant difference other than
a significant elevation of gamma rays.

Shimizu et al®® argue that a meaningful estimate of the neutron RBE with
regard to cancer mortality data is difficult, but that neutrons cannot be totally
neglected in Hiroshima, even though the neutron dose is substantially less under
the DS86 dosimetry system than the T65DR. They augmented the models they
fitted to the cancer mortality data to include the individual contributions of
gamma rays and neutrons, but it was impossible to assert that one of the models
is better than any other. Consequently, they estimated the risk coefficients per
sievert assuming an arbitrary but constant RBE of 1, 10, and 20. Using the
cancer mortality data for leukemia and all cancers other than leukemia, Preston
and Pierce® also determined a dose-response relationship assuming a constant
RBE. They show that the goodness of fit varies almost negligibly with RBE values
in the range of 1 to 50 for the DS86 dosimetry system. They concluded that the
city difference in the excess risk of cancer is not statistically significant even at
an RBE of 1, and does not diminish rapidly as the RBE is increased.

It is well known that the RBE generally increases with decreasing dose. The
difference in dose response for lenticular opacities between the two cities strongly
suggests not only the possibility of estimating an RBE but also seems to provide
information that the RBE is higher for survivors who were exposed at low dose.
The estimated parameters are significantly positive for gamma and neutron doses
under the most suitable L-L model with two thresholds. The T65DR, DS86 kerma,
and eye organ dose all suggest the existence of two thresholds, probably in the
range from 0.30 to 1.70 Gy for gamma rays and from 0.05 to about 0.60 Gy for
neutrons. Note that these estimates of the gamma threshold are lower than
those commonly inferred from clinical exposures. The estimate of the threshold
for neutrons, based on the dose grouped data or the individual dose data, is 0.24
or 0.56 Gy for T65DR kerma, 0.07 or 0.08 Gy for DS86 kerma, and 0.05 to 0.06
Gy for the DS86 eye organ dose. It should be noted that the LQ-L model with two
thresholds which fits the A-bomb survivor data less well, but not significantly so,
yields very similar estimates of the two thresholds as the L-L model. Finally, the
Q-L model with two thresholds, not presented in the Statistical Considerations
and Methods, was evaluated from a radiobiological standpoint. This model fitted
the survivor data more poorly than the LQ-L model with two thresholds in the
dose grouped data or the individual dose data. The best fit in the Q-L model with
two thresholds showed 0 Gy for the gamma threshold and 0.04 or 0.05 Gy for
neutron threshold, respectively, and demonstrated a highly significant effect of
gamma rays only but not of neutrons.
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Only the T65 dosimetry gives an appreciably different estimate of the neutron
threshold for the grouped and individual data. If we use a conservative threshold
for neutrons and calculate the RBE corresponding to neutron doses of 0.08, 0.25,
0.50, and 1.00 Gy, the values are (105 at 0.07 Gy) 69, 36, 34, and 33 for the DS86
eye organ dose and a 0.06 Gy neutron threshold; 111, 30, 27, and 25 for the DS86
kerma with a 0.07 Gy neutron threshold; and not estimated, 170, 9, and 5 for the
T65DR kerma with a 0.24 Gy neutron threshold, respectively. The RBE values
for opacification of the lens derived from the newer DS86 kerma and eye organ
dose are higher than previously published results. If we take into account the
95% lower bound of the neutron threshold including zero for the DS86 eye organ
dose, the RBE values are estimated to be 32.4 + 0.73/D, with the 95% confidence
limits ranging from 11.8 to 88.3 + 1.39/D,,, where D, is the neutron dose in gray.
Rossi®? and Bateman et al,33 comparing a number of neutron energies against X
rays, reported that the RBE for opacification of the murine lens was 0.44/0),,. The
ICRP?" gives a table of RBE values for production of opacities of the lens with
single exposures to X rays or gamma rays or to fission neutrons. These values
range from 2 to 20. The BEIR III report?” suggests that the RBE for high LET
radiation for a single cataractogenic exposure is in the range of 2-9. A recent
NCRP report®® summarizes the general findings on cataractogenesis in many
experimental animals and human beings and on the existence of time thresholds
for lens opacity in rabbits from acute exposure, but does not review the RBE of
neutrons.

In any event, estimating the RBE of neutrons at doses less than 0.50 Gy
remains an interesting and important radiobiological issue.

APPENDIX

Appendix 1. The distribution of DS86 eye organ dose estimates by dose
groups and the method of dose estimation

DS86 dose category (Gy)

Method of 0.01- 1.00- 2.00— 3.00— 4.00- 5.00-
estimation <«0.01 099 199 289 399 499 599 6.00+
Direct 861 369 135 38 22 14 1
Indirect 267 10 1 2

Total 267 871 370 135 38 22 16 1

Note that 263 cases (Hiroshima =152 and Nagasaki=111) in the not-in-city
group are not included in the group that received less than 0.01 Gy.
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Appendix 2. List of cases with lenticular opacities by city and type of dosimetries

TE5DR Dsae Eye organ Mean angle
Master Age D586 Lo
file no.  Sex ATE®  qyi4) Gamma Neutron  Tolal Gamma Neutron  Tolal Gamma Neutron codes®™ burst point
. Hiroshima
2 a2 4.69 287 2.02 413 390 0.23 3.89 378 D12 01 270°
2 22 208 245 0.61 237 227 0.10 1.74  1.70 0.04 06 160°
1 ba 600 4.19 1.81 B.00 b5.62 0.38 526 408 0.28 o7 240°
1 07 6.00 419 1.81 684 517 0.87 b.14 4.69 0.45 o7 24n°
2 b4 2,07 1.57 0.50 146 1.40 0.06 1.23 1.21 0.03 03 120°
1 18 am 3.06 0.B8 279 268 0.13 279 270 0.09 03 0°
2 12 238 197 1.41 319 .04 015 333 324 0.10 01 330°
1 63 1.22 097 D.25 0.62 0861 0.01 0.58 057 0.01 05 80°
2 a0 0.57 041 D.16 0.57 0.55 0.02 0.50 0.50 0.01 o7 270°
1 16 6.00 419 1.81 6.00 b5.62 0.38 4.43 4.28 0.15 o7 160°
2 ki3 200 239 0.61 209 2.02 0.07 1.60 1.7 0.03 05 160°
1 11 243 198 0.48 1.78 1.72 0.06 1.64 160 0.04 03 Unk
2 aa 1.77 1.08 0.68 2.07 1.88 0.08 1.64 1.51 0.03 01 180°
1 12 3.61 249 1.12 246 2.36 010 1.7% 1.76 0.04 03 240°
2 47 6.00 419 1.81 400 3.79 0.21 .72 3.60 D12 o3 270°
2 26 349 218 1.31 275 2.59 0.16 274 2.63 010 o7 330
2 B0 665 .21 2.44 Unk Unk Unk Unk Unk Unk 13 180°
2 0o 3.51 2.79 0.72 1.46 1.41 0.05 1.09  1.06 0.03 03 180°
2 40 6.00 419 1.51 600 562 0.38 4.73  4.57 016 07 240°
2 17 534 415 1.19 352 235 017 2.78 271 0.08 05 180°
2 13 600 419 1.51 203 278 0.16 3.05 296 0.08 05 0"
2 b2 3.67 296 0.71 284 27T 0.13 266 2.58 0.08 05 607
1 40 6.00 4.19 1.81 4.60 4.26 0.34 421 4.05 015 07 120°
2 46 4.90 2.92 0.98 286 2.72 0.14 235 227 0.08 05 150°
2 22 4.82 3.78 1.03 2.79 287 011 282 275 0.07 03 0°
1 16 6.00 419 1.81 Unk Unk Unk Unk Unk Unk 02 270°
2 42 047 037 0.10 0.40 040 0.01 039 038 0 03 a00°
1 40 600 419 1.81 590 5.5 0.39 528 b5O8 0.20 01 270°
1 43 6.00 4.19 1.81 449 411 0.38 4.78 461 017 o7 azo”
1 18 295 232 0.62 1.79 1.70 0.09 1.70  1.66 0.05 03 270°
1 o1 1.18 0.84 0.24 D84  0.91 0.02 0.92 090 0.02 03 60°
2 413 0 0 0o 0 0 4] 0 4] (1] 16
1 46 600 419 1.81 520 498 0.31 306  3.84 D12 01 180"
1 18 383 3.04 0.89 227 2.8 Q.11 2268 219 0.07 03 a00°
2 16 600 419 1.81 4B8 462 0.26 499 480 0.19 03 270°
1, 04 437 354 0.83 260 249 0.11 2,76 2.69 0.07 03 300°

“ Age ATE: Age at examination
“*The codes of the DS86 method are as follows: 01 =in the open, unshielded with flash burns; 02 =in the open, vnshiclded
<2,500m; 05=in a tenement, 9-parameter <2 500m;
07=Globe application (ref. 24), hovse shielding <2 500m; 10 = Globe application, terrain ghiclding >2,500m; 13 =other
proximal survivors with shielding history; 16=DS886 free-in-air kerma <5 mCy; and 21 =not-in-city lale entrants or

without flash burns; 03=in a Japanese hovse, 9-parameter

entrants unknown.

(Continued)
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Appendix Table 2. Continued

T65DR Dsses Eye organ Menn angle
Master Apge Dsse to
flena. Bak ATE Total Gamma Neutron  Total Gamma Nevtron  Total Gamma Neutron  ©0des”  hurat point

Hiroshima

1 49 600 4.19  1.B1 438 418 0.22 417 405 013 01 a0
- 580 465 115 3.78 359 0.19 347 338 011 03 90°
2 39 509 3.05 2.04 Unk Unk Unk Unk Unk Unk 13 1807
1 52 181 156 035 1.06 102 005 0.82 080 002 05 150°
2 29 480 230 169 363 345 019 271 264 007 o1 180"
1 14 71 266  1.05 207 194 013 1.92 1.86 007 07 300°
2 12 600 419 181 329 313 016 277 270 0.07 o1 120°
1 18 .75 289 078 261 249 012 265 257 000 03 180°
1 a8 506 454 142 439 416 021 421 400 012 03 330"
2 18 262 211 0.41 2068 198 008 212 207 006 03 a30°
2 48 21

2 44 1.09 091 0.18 065 063  0.02 066 064 002 05 120°
2 a4 077 064 013 0687 065  0.02 061 0.6 0.01 03 210°
2 19 600 419 181 529 498 031 486 469 017 03 9p°?
2 a8 21

Nagaeaki

2 19 21

2 18 2.56 2.54 002 143 142 001 1.47 148 001 01 0®
2 20 286 282  0.04 1.04 1.02 0.01 113 112 00l 03 0°
2 19 010 0.10 007 0.07 0 07 0.07 0 07 Unk
1 41 225 221 0.04 1.65  1.64 0.02 114 114 o0t 07 180°
2 19 6.00 683 017 Unk Unk  Unk Unk Unk  Unk 13 270°
2 46 0.20 020 010 010 0 0.00 0.00 0 0a an®
2 54 018 018 011 0.a1 0 010 0.10 0 03 an®
2 156 417 412 006 206 2.00 002 194 193 ool 03 270°
2 Bl 208 205 003 119 118 001 089 088 001 01 180°
2 05 373 369  0.04 1.8 186  0.02 1.7 1.74 Q.01 03 an”
2 42 0.69 0.69 021 0.21 0 0.22 0.22 0 03 60°
2 48 0.74 073 0.0 0.42 042 0 041 0.41 0 0F &0
1 54 800 6831 017 Unk Unk  Unk Unk Unk  Unk 10 ap®
2 a7 600 681 017 509 498 011 3.56  3.51 0.06 05 180°
1 18 408 400 008 139 1.36  0.03 116 114 001 02 270°
2 38 209 2906  0.04 160 140 D02 1.08 1.08 001 03 180°
1 12 3.00 .83 017 6.00 5.9l 0.09 4.43 4.08 0.05 03 210"
1 16 444 435 009 243 240  0.02 234 232 002 03 0°
2 39 1.70 168 002 070 069 001 063 063 0 05 60°
1 14 2.86 280 006 221 221 0.02 1.65 1.64 001 01 180°
2 07 800 583 017 468 462  0.06 431 426 0.05 0a Unk
2 23 21

1 06 521 5612  0.09 270 267 003 242 230  0.02 01 Unk
2 53 239 296  0.03 084 081  0.01 077 078 0.1 05 270°
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Appendix 3. The effects of age at the time of the bombing and city on the
linear regression coefficients derived from the individual binary response data

. I i Dosimetry System
Maximum likelihood estimate
f s8] fficient
HAERERRR GG T65DR DS86 Eye organ
Number of subjects used 2124 1983 1983
Model I P = o, + . City + ayAge + 3,0 + 3,D,
G, —5.14 -4.71 —5.81
(0.95) (0.98) (1.08)
G, 2.08** 20 2.43**
(0.54) (0.60) (0.61)
Gg 0.09** 0.08"* 0.24**
(0.02) (0.02) (0.02)
f3,10~(Gy) 1.41%* 1.765%8 1.845v8
(0.44) (0.98) (112)
B,(Gy) 0.08* 0.64** 1.22**
(0.02) (0.24) (0.47)
Log likelihood value -273.5 -254.4 —256.9

Model IT: P = v, + . City + aq iy AgeH + avgyAgeN + 3.D., + 3,D,

Go 413 -2.92 —4.27
(1.86) (1.85) (2.02)

o, 11688 0.46N8 1.05N8
1.53) (1.56) (1.64)

Ga 0.86** 0.73*" 0.98**
0.17) (0.18) (0.20)

GaN 018598 0.15" 0.16*
(0.07) 0.07) (0.07)

.10~ %(Gy) 1.39** 1.67598 1.81598
(1.42) (0.89) (1.06)

3,(Gy) 0.08** 0.65"* 119
(0.02) (0.30) (0.45)

Log likelihood value -273.8 —254.5 —256.9

Model IIl: P = oy + vy + 3D + BuD,,
ap 0.04 0.44 0.46
- 28 [ (0.24) (0.25) s
illerence - u

&N 1.32 213 2.03 g
(0.60) (0.80) (0.78)

B~10"%(Gy) 1 e 0.56NS 0.87NS
(0.44) (0.91) (1.12)

3, (Gy) 0.06** 0.74** 118"
(0.02) (0.24) (0.46)

Log likelihood value —278.5 —258.7 —261.4

The binary response score was 1 il an opacity was present and 0 otherwise. City is 1 for Hiroshima and
2 for Nagasaki. (¢y, ¢, (o J7, and (¥, N denote the estimates for 100 individuals. AgeH is age ATB
in Hiroshima and AgeN is age ATB in Nagasaki. Standard errors are given in parentheses beneath each
individual estimate. Significance levels: NS(P>>0.10), SU8(P<C0.10), *(P<0.05), and **(P<0.01).
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Appendix 4. The estimation of RBE and 95% lower and upper bounds
in a linear-linear model with two thresholds

The RBE of neutrons is defined as the ratio of X rays or gamma rays (D,) to
neutrons (D,), D,/D,, in an absorbed dose that produces the same prescribed
biological effect in tissue. Therefore, the estimated RBE depends upon the
modeling relationship applied to the data analysis. In the L-L model with
two thresholds (Model C), which is the most suitable from the model fit and
radiobiological standpoint, the RBE is defined as

1’!(.:'8_“ _._?_'I_.
g‘r (DV"Tv) ‘

which holds for (D, —T,) > 0 under a given 7., and T},. The 100(1 — )% confidence
limits for log 1 are estimated by

b

exp [log ¥ —1.\/V(log ¥) 1< v—T,/(D,—T,) < exp [log ¥ +1,/V(log %) ] ,

where t, denotes the 100(1 — a)% value of normal deviate, and V(log 1) the
estimate of asymptotic variance of log v, i.e.,

V(log ) = V(B,)/By2 + V(B,)/Bus — 2 Cov(By, B,)/ B+ 8.
Hence, the estimates of inequality are given by

exp [log ¢ — ta/V(log ¥) 1+ D00 /(D = T,) < ¥ <

exp [log ¥ +tay/V(log %) 1+ Thv /(D — To) ;

where 7.,;, and T,y denote the lower and upper bounds of T, .
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