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Technical Report Series

Radiation Cataracts among Hiroshima
Atomic-bomb Survivors, 1949-643

William J Schull,? Masanori Otake,? Sachiyo Funamoto®

Summary

This report reexamines the quantitative relationship of exposure to ionizing
radiation to the occurrence of cataracts (posterior lenticular opacities) seen in
the years 1949-64 among 2249 Hiroshima atomic-bomb survivors with known
Dosimetry System 1986 (DS86) doses. Among several dose-response relation-
ships with or without two thresholds, the best fit based on binomial odds-regres-
sion models is achieved with a linear-linear dose-response relationship that
assumes different thresholds for the two types of radiation. The neutron and
gamma-ray regression coefficients, 199 Gy (90% CI: 28-473 Gy) and 5.14 Gy
(95% CI: 1.38-14.77 Gy), based on this model, are suggestively higher for the
neutron dose, and significantly higher for the gamma-ray dose than previously
reported. The estimates of the two thresholds also differ significantly from zero:
0.06 Gy with 95% lower and upper bounds of 0.03 and 0.10 Gy for the neutron
dose and 1.08 Gy with 95% bounds of 0.51 and 1.45 Gy for the gamma-ray dose.
The safety zone for radiation-induced cataracts is estimated to be a 1.75-Sv
threshold with 95% lower and upper bounds of 1.31 and 2.21 Sv using DS86
eye-organ-dose equivalents, assuming a neutron relative biological effectiveness
of 18, derived from the ratio of the two thresholds, that is, 1.08 Gy for gamma
rays and 0.06 Gy for the neutrons.

Introduction

Radiation cataract was the first late effect recognized among individuals
exposed to atomic-bomb (A-bomb) radiation in Hiroshima and Nagasaki. Since
the initial descriptions in 1949 by Hirose and Fujino in Nagasaki® and Ikui in
Hiroshima, a number of ophthalmic surveys have been conducted under the
sponsorship of the Atomic Bomb Casualty Commission (ABCC) and its successor,
the Radiation Effects Research Foundation (RERF).2-'? The custom in each
successive survey was, however, to restrict the description of the ophthalmic
findings to those seen by the investigators conducting the survey, and no attempt
was made to cumulate the observations over several surveys. A composite view

$This technical report is based on Research Protocol 16-78. The full Japanese text of
this report will be available separately. Approved 23 June 1992; printed June 1994,

“Former permanent director, RERF; bDepartment of Statistics, RERF
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is difficult to obtain, however, because these surveys, particularly those con-
ducted before the selection of the Adult Health Study (AHS) sample in 1958, have
often been based on different groups of survivors because the sample-selection
processes differed or because individuals seen at one survey were not available
for subsequent surveys.

The purpose of the present report is to determine whether an accumulation of
the data on radiation cataracts over the years 1949-64 will clarify the relation-
ship of radiation exposure to the occurrence of cataracts and, more specifically,
to provide better estimates of the threshold neutron and gamma-ray doses.
Characterization of the dose-response relationship for radiation-induced cata-
racts among A-bomb survivors is a prerequisite to predicting and quantifying the
effect of radiation exposure.

Materials and Methods

Miller et al® reviewed the major ophthalmologic surveys conducted at ABCC
before initiating their own investigation in 1963-64 using the individuals who
constitute the AHS sample.!® Ostensibly they assembled all of the earlier data
in a file known as the CD #132 (Hiroshima [OP-36] and Nagasaki [OP-46]).
However, a search of this file revealed only one case in Nagasaki, which suggests
an error in transcription because more than one case has been reported in this
city. Unfortunately, we have been unable to find the original ophthalmologic data
from Nagasaki, and our cumulation of cases applies, therefore, only to Hi-
roshima. In 1982 we reviewed all of the medical records in Hiroshima and
Nagasaki on the 84 individuals whom Miller and his colleagues had diagnosed
as having a cataract.!* Consequently, five cases in Hiroshima and two in Na-
gasaki were excluded because no slit-lamp confirmation was recorded or the slit
lamp revealed a cortical (including anterior subcapsular) or a nuclear opacity but
no posterior subcapsular defect. In 1990, after the new dose estimates became
available,'® these data were reevaluated using the Dosimetry System 1986
(DS86) eye-organ-dose estimates in Hiroshima and Nagasaki.'® The present
study uses the eye-organ doses based on Version 3 of DS86. These doses were
computed in July 1989 and provide better estimates for distal survivors in the
open at the time of the bombings (ATB) and for survivors shielded by terrain or
in factories.

Of the 1392 individuals examined in Hiroshima in the 1963-64 study, 1334
have DS86 doses. This is an increase of nine subjects for whom DS86 doses are
available compared with the number given in the previous study.® Among 1174
persons examined at least once with a slit lamp in the Hiroshima AHS population
in the period 1949-62 but not seen in the 196364 survey, 259 have no DS86 dose
estimate. Of the 915 individuals with a dose estimate, 46 were reported to have
had lenticular changes. All of the medical records on these cases have been

reviewed, and 10 individuals (Master File #

m) an were biomicroscopically
identified as having radiation cataracts. Detailed information on these 10 cases
of cataract as well as those 48 cases seen by Miller and his colleagues is given in

Table 1. (See also Figure 1.) Table 2 shows the cases of radiation cataracts seen
at any time from 1949-64 by dose, based on the estimated DS86 eye-organ dose.



Table 1. List of 58 cases with radiation cataracts for 1949-64

DS86 eye-organ dose (Gy)

Cause of

Case No. MF# Sex Age ATB Total Neutron Gamma death (ICD) ICD version Date of death
1 F 24 2.484 0.088 2.396
2 E 32 3.890 0.115 3.775 531.0 9 14 Mar 1981
3 F 22 1.743 0.044 1.699 585 9 5 Jan 1987
4 M 6 5.261 0.283 4.978 151.9 8 5 May 1970
5 M 7 5.140 0.447 4.693
6 F 54 1.234 0.026 1.208 431.0 8 18 May 1974
7 M 18 2.762 0.092 2.700
8 F 12 3.330 0.096 3.234
9 M 13 4.359 0.145 4.214 431.9 8 27 Jun 1973
10 M 53 0.579 0.008 0.571 158 7 23 Jun 1967
11 F 30 0.504 0.007 0.497 151.9 9 18 May 1990
12 M 16 4.432 0.152 4.280 571.9 8 19 Feb 1972
13 F 35 1.602 0.033 1.569
14 M 13 3.381 0.138 3.243
15 M 11 1.639 0.041 1.598
16 F 33 1.540 0.029 1.511
17 M 12 1.787 0.038 1.749
18 F 47 3.724 0.120 3.604 887 8 27 Jan 1970
19 F 26 2.736 0.104 2.632
20 M 7 2.490 0.114 2.376

Continued



Table 1. Continued

DS86 eye-organ dose (Gy)

Cause of

Case No. MF# Sex Age ATB Total Neutron Gamma death (ICD) ICD version Date of death
21 F 0 1.286 0.032 1.254
22 M 54 4.141 0.147 3.994 794 g 7 Jul 1956
23 F 40 4,727 0.157 4.570 151.9 9 14 Jun 1989
24 F 17 2.783 0.078 2.705
25 F 13 3.046 0.083 2.963
26 F 52 2.659 0.078 2.581 412.9 8 27 May 1970
27 M 40 4.205 0.154 4.051 491.9 9 23 Mar 1985
28 F 46 2.347 0.075 2.272 197.8 8 12 May 1972
29 F 22 2.821 0.072 2.749
30 F 42 0.388 0.004 0.384 935.0 9 26 Apr 1984
31 M 40 5.278 0.200 5.078 412.9 8 3 Dec 1974
32 M 43 4,782 0.174 4.608 151.9 8 16 Mar 1977
33 M 18 1.704 0.045 1.659 155.9 9 17 Apr 1990
34 M 1 0.919 0.017 0.902
35 F 43 0 0 0 344 8 11 Jul 1977
36 M 46 3.963 0.123 3.840 402 8 19 Nov 1974
37 M 51 5.450 0.220 5.230 436.0 8 1 May 1970
38 M 18 2.346 0.102 2.244
39 M 18 2.259 0.065 2.194
40 F 15 4.992 0.191 4.801 174 8 22 Aug 1969



Table 1. Continued

DS86 eye-organ dose (Gy)

Cause of

Case No. MF# Sex Age ATB Total Neutron Gamma de:tl:]s(lC?D) ICD version Date of death
41 M 4 2.760 0.073 2.687
42 M 49 4.173 0.126 4.047 151.9 8 5 Nov 1971
43 F 47 4.256 0.120 4.136 332 21 Feb 1965
44 F 17 3.468 0.107 3.361
45 M 52 0.821 0.022 0.799 151 7 26 Dec 1967
46 F 29 2.710 0.069 2.641
47 M 14 1.924 0.065 1.859
48 F 12 2./73 0.072 2.701
49 M 18 2.654 0.087 2.567 1563.3 15 Jul 1978
50 F 7 6.201 0.305 5.896 410 8 Jul 1983
51 M 38 4.215 0.124 4.091 410.9 5 Dec 1973
52 F 18 2.118 0.051 2.067 162.1 21 Aug 1978
53 F 46 NIC NIC NIC 250 30 Apr 1969
54 F 1 5.859 0.269 5.590
55 F 44 0.656 0.017 0.639 436.9 8 5 Feb 1970
56 F 34 0.513 0.008 0.505
57 F 19 4.864 0.173 4.691
58 F 38 NIC NIC NIC

Note: MF# = master file number; ATB = at the time of the bombings; DS86 = Dosimetry System 1986.
ICD = International Classification of Diseases; NIC = not in city.
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Figure 1. Distribution of Dosimetry System 1986 gamma and neutron eye-organ-dose
estimates of 58 cases with radiation cataracts. Note that the neutron dose in one instance
in Hiroshima (Master File # ) is much higher than the dose in any other case. He
was exposed at Sorazaya-cho, m from the hypocenter.

Statistical Considerations and Methods

The extent of the biological effects on the eye of exposure to ionizing radiation
clearly depends primarily on the quantitative and qualitative nature of the
radiation. However, given that the cellular events involved in human radiation-
related cataractogenesis are imperfectly known, all dose-response models are
conjectural to some extent. A task group of the International Commission on
Radiological Protection (ICRP)!7 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 the ICRP reiterated this position.
Both the Commission and the second task group assume cataract production to
be a nonstochastic process that can be totally avoided with appropriate dose
limits; that is, both assume a radiation threshold below which cataracts do not
occur. The low-LET threshold dose, for a single acute exposure, has been com-
monly taken to be around 2 Gy.

One analytic approach that provides explicit estimates of risk is to fit a
binomial odds regression model to the probability (P) of an individual binary
response (1 for an individual with cataracts or 0 for others) with or without
thresholds (T and T,) of DS86 eye-organ neutron (D,) and gamma-ray dose (D,)
estimates, including sex and age ATB as discrete and continuous variables,
respectively. The binomial odds-regression model used here can be expressed as

[P/(1 - P)] = Background x RR ,



Table 2. Radiation cataracts detected in Hiroshima in 1949-64 by dose based on Dosimetry System 1986 (DS86) eye-organ dose

DS86 eye-organ mean dose (Gy)

Dose group Mean age ATB = SE
(Gy) Total Neutron Gamma Examinees (yr) Positive %
<0.01 0 0 0 397 (97)2 31.3+0.78 3 (0)? 0.8
0.01-0.99 0.475 0.008 0.467 1042 (445) 30.9+0.47 7 (0) 0.7
1.00-1.99 1.453 0.035 1.418 472 (203) 29.9+£0.73 9 (0) 1.9
2.00-2.99 2.461 0.071 2.390 200 (89) 27.0+1.16 15 (3) 8.0
3.00-3.99 3.362 0.109 3.253 71 (20) 30.1+£2.15 7(1) 11:8
>4.00 4,944 0.197 4.747 67 (42) 29.7+2.15 17 (6) 25.4
Total - - - 2249 (915) 30.4 +£0.33 58 (10) 2.7

Note: ATB = at the time of the bombings.

8ln parentheses are the numbers of persons with Dosimetry System 1986 dose estimates who were examined with a slit lamp during the

period 1949-62.
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where the background includes a constant and terms for sex and age ATB and
the relative risk (RR) is assumed to follow either a linear-linear (L-L) dose-re-
sponse relationship, ie,

(1+b,(D,-T,)) + by(D, - T)I ,
or an L-L.Q (linear-quadratic) one, ie,
[1+b, (D, -T)+ by (D, - T,) + bpalDh, = Tg)z] -

The RR model holds only if (D, - T,) > 0 and (D, —T )20,

Because it is reasonable, radiobiologically, to assume that two thresholds may
exist, one associated with neutrons and the other with gamma-ray exposure,
thresholds were included in the model fitting. Estimates of the risk parameters
based on the odds-regression model can be readily obtained using the EPICURE
Command."® The smallest deviance 2 was selected from a number of ¥ values
obtained by assigning successive incremental values of T , the gamma threshold
for a given T (the neutron threshold), where T, was tai:en to be 0, 0.05, 0.10,
..., Gy. The 95% confidence limits were determined from the same deviance
statistic, ie,

12 = —2logl LI T*/LXIT)] |

where T = L (a 95% lower bound) or U (a 95% upper bound) and T is the
maximum-likelihood estimate of the threshold,!® ie, —log L(XIT") = —log L(XIT)
+ X%2.

Results

Table 2 shows the number of cases of cataracts and subjects with their mean
ages ATB (and standard deviations) and the mean neutron and gamma-ray dose
corresponding to each DS86 eye-organ dose group. No significant differences
were observed in mean ages at exposure of the six dose categories. When a
binomial odds-regression model was fitted to the individual binary data, no
statistically significant effect of sex or age ATB was observed (Table 3). This
suggests that neither sex nor age ATB is likely to obscure the effect of radiation
on the occurrence of cataract. An L-L dose-response relationship without a
threshold can be fitted to the data, but the parameter estimate for gamma-ray
doses is significantly negative under this model. An L-LQ dose-response relation-
ship fits the data poorly with a significant elevation only for the quadratic term
in the gamma-ray dose. To explore the dose-response relationship further, mod-
els with two thresholds were fitted to the individual binary data. Among several
such models, the best fit is an L-L dose-response relationship that assumes
differing thresholds for the two types of radiation. The neutron and gamma-ray
regression coefficients, 199 Gy (90% CI: 28-473 Gy) and 5.41 Gy (95% CI:
1.38-14.77 Gy), based on the L-L model with two thresholds, are suggestively
higher for the neutron dose and significantly higher for the gamma-ray dose than
those previously reported.!® The estimates of the two thresholds were 0.06 Gy
with 95% lower and upper bounds of 0.03 and 0.10 Gy for the neutron dose and
1.08 Gy with 95% bounds of 0.51 and 1.45 Gy for the gamma-ray dose. A constant
neutron relative biological effectiveness (RBE) is defined by the ratio of gamma-



Table 3. The relationship of radiation exposure to the ocurrence of cataracts based on Dosimetry System 1986 eye-organ neutron and
gamma doses

Background estimates x 10° Parameter estimates (Gy)
" = = m = Deviance
Constant Sex Age ATB bn(Gy) bg bge T; Tq (df)
26.5 . . . - . 538.80
(3.52) (2248)
23.9 6.67 . - - - . 537.96
(4.27) (7.43) (2247)
33.9 5.79 -0.316 - - - . - 535.89
(8.42) (7.26) (0.220) (2246)
3.62 0.15 ~0.020 3.00" - - 0 . 441.11
(2.50) (0.86) (0.029) (1.08, 12.25) (2245)
6.07 0.011 -0.022 3.26 —4.54* = 0 0 436.90
(3.30) (1.51) (0.045) (No converge)  (-5.45, —0.35) (2244)
8.07 0.22 -0.054 0.70 235 0.0184* 0 0 431.94
(4.13) (1.84) (0.059) (-0.98%, 3.36") (-3.78T,1.19T)  (0.005, 0.054) (2243)
127 0.14 -0.076 2.82*" - - 0.06* 5 440.27
(3.97) (3.02) (0.088) (1.47, 5.39) (0.03, 0.10) (2244)
8.21 0.19 -0.051 1.995u99 5.41** - 0.06* 1.08* 429.87
(3.09) (1.92) (0.057) (0.28%,4.73")  (1.38, 14.77) (0.03,0.10)  (0.51,1.45)  (2242)
8.09 0.16 -0.048 2,37 5.58" -0.0053 0.06* 1.08* 429.84
(3.11) (1.91) (0.058) (No converge) (0.32, 18.05) (No converge) (0.03, 0.10) (0.51, 1.45) (2241)

Note: Numbers in parentheses indicate the standard deviation of the estimated parameter or the 95% confidence limits or T the 90%
confidence limits. Significant levels express SY88 (p < 0.10), * (p < 0.05), and ** (p < 0.01). ATB = at the time of the bombings.
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ray and neutron thresholds that give the same safety zone for radiation cataract.
We estimate the RBE for neutrons to be 18.0, from the 1.08-Gy threshold for
gamma rays and 0.06-Gy threshold for neutrons. Using this RBE and DS86
eye-organ-dose equivalents in sievert (Sv), an L or L-Q dose-response model with
a threshold was fitted to the individual binary data. The L-Q model gave a poor
fit. In the L model, however, a highly significant difference from zero was noted
for the linear regression coefficient, 5.56 (D, — 1.75) 2 0, with 95% confidence
limits of 2.80 and 11.79 (D, — 1.75) Sv > 0, where D, = [gamma dose + (18 x
neutron dose)] in sievert andg 1.75 Sv is the threshold. Igigure 2 gives the “safety
zone”—a 1.75-Sv threshold with 95% lower and upper bounds of 1.31 and 2.21
Sv—and the RR and 95% confidence limits for cataracts following exposure to
ionizing radiation.

Discussion

Among the lenticular changes observed in A-bomb survivors the most fre-
quently described lesion was a posterior lenticular plaque or polychromatic sheen
in heavily irradiated individuals.!*8 Miller et al® reviewed the major ophthal-
mologic surveys in Hiroshima and Nagasaki conducted in 1949-62 and corrobo-
rated, with their own 1963-64 study, the occurrence of posterior lenticular
lesions in the more heavily irradiated individuals. They, and Dodo,? noted little
progression in these lesions compared with observations made about 10 years
previously. Conventionally, the extent of lens opacification in either or both eyes
has been classified biomicroscopically as equivocal, minimal, small, moderate, or

40.0 + Threshold -
95% lower | 95% upper
30.0 t 5 !
2 é = T
[ : H
= : :
T 200t : i
[} : H
o i :
k- Safety zone - § /
10.0 f i ; =
1.0 SR o e i i
131 1.75 2.21
0 1.0 2.0 3.0 4.0 5.0

Eye-organ dose (Sv)

Figure 2. Relative risk of radiation cataracts and a threshold with 95% confidence limits
using Dosimetry System 1986 eye-organ-dose equivalents (relative biological effective-
ness = 18).

10



RERF TR 11-92

large. In most instances, as Dodo'? observed, the degree of opacification was
small or less (about 70%) and only five opacities were classified as large. Judged
by human clinical studies, the time from X-irradiation to the appearance of lens
opacities varies widely, from six months to 35 years, with an approximate
average of 2-3 years.!® This average appears to agree with the experience with
A-bomb survivors because the first such cases were not reported until 1949, about
4 years after the bombings. The threshold dose, for a single acute exposure to X
rays, has been commonly taken to be around 2 Gy. However, the A-bomb
survivors simultaneously received gamma and neutron doses, raising, therefore,
the question of whether an interaction exists between gamma-ray and neutron
radiobiological effects when simultaneous exposure occurs. Given the limited
survivor data available, however, establishment of an interaction and estimation
of its effect are difficult. The estimated effect is negative and not statistically
different from zero, but the error inherent in the estimate is large. Nevertheless,
the individual thresholds for neutron and gamma doses may not be comparable
with the results from a single X-ray exposure, and consideration of both thresh-
olds in defining a safety zone seems prudent. Otake and Schull,'® using the
Hiroshima and Nagasaki cataract data, estimated a neutron RBE by the follow-
ing rule: if we assume no interaction and an RBE for neutrons of 12.2, the 0.73-Gy
threshold for gamma rays gives the same safety zone as the 0.06-Gy threshold
for neutrons, and their joint effect leads to an estimated minimal dose of 1.46 Sv.
In the present analysis, based on only Hiroshima A-bomb survivors, this joint
threshold is estimated to be 1.75 Sv, with 95% lower and upper bounds of 1.31
and 2.21 Sv, using DS86 eye-organ-dose equivalents based on an assumed
neutron RBE of 18. The ICRP!7 gives a table of RBE values for the production of
opacities of the lens with single exposures to X rays, gamma rays, or fission
neutrons. These values range from 2 to 20, which encompasses the value we used.
However, the BEIR report?® suggests that the RBE for high-linear-energy-trans-
fer radiation for a single cataractogenic exposure may be somewhat lower, ie,
2-9. Otake and Schull’s'® earlier analysis as well as the present study support a
sigmoid dose-response relationship with a threshold (or thresholds) for lens
opacification. In their 1982 and 1990 studies, Otake and Schull*1¢ fitted bino-
mial-regression models with or without thresholds for gamma and neutron doses
to the grouped or individual binary data from Hiroshima and Nagasaki. The
parameters of these models were estimated by the method of maximum likeli-
hood, assuming the observed number in each cell or binary array to be a binomial
variate having an expected value based on the model equation. In the present
study, the authors used binomial odds-regression models, with or without thresh-
olds rather than binomial or logistic-regression models. The binomial-regression
models generally gave unstable estimates of the parameters of interest, whereas
the logistic-regression models gave stable estimates, but the deviance values for
goodness-of-fit were slightly poorer than those of the binomial odds models.
Moreover, the regression coefficient for neutrons was negative in all of the
logistic gamma-neutron regression models, with or without thresholds. Obvi-
ously such coefficients are difficult to interpret radiobiologically.

Many uncertainties are associated with these estimates of risk. They involve
errors resulting largely from inadequacies in the information about location,
posture, orientation, and shielding of individual survivors and the limited num-

11
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ber of “heavily” exposed individuals with cataracts observed in 1949-64. The
presence of nonsystematic errors in the individual radiation-dose estimates for
the A-bomb survivors is known to cause underestimation of radiation effects in
dose-response analyses. Estimates of the linear excess risk for cancer mortality
that account for such errors are, eg, about 5%—15% greater than the estimates
that do not.?! This suggests that, if allowance were made here for nonsystematic
errors, the estimates would be somewhat higher and the threshold dose based on
a higher RBE value would be still closer to the 2 Gy that has been commonly
accepted.
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