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Summary

The relationship of ionizing radiation to the age-related ophthalmologic
findings of the 1978-80 ophthalmologic examination of the atomic bomb (A-
bomb) survivors of Hiroshima and Nagasaki has been reanalyzed using
Dosimetry System 1986 eye organ dose estimates. The main purpose of this
re-evaluation was to determine whether age and radiation exposure have an
additive, synergistic, or antagonistic effect on opthalmologic changes. The focus
of this study is limited to axial opacities and posterior subcapsular changes, for
which a definite radiation-induced effect has been observed among the A-bomb
survivors.

The best model fitting axial opacities gives a significant positive effect for
both linear dose-response and linear age-related regression coefficients and a
significant negative effect for an interaction between radiation dose and age.
Such a negative interaction implies an antagonistic effect in that the relative
risks with relation to radiation doses decrease with increasing age. The log
relative risks for persons 40, 50, 60, and 70 yr old at the time of examination
(ATE) were 8.2-, 6.4-, 4.6-, and 2.8-fold higher, respectively, than those in
persans 80 yr old ATE. The relative risks for axial opacities in persons 40 yr old
ATE were 1.5 at 1 Sv, 2.3 at 2 Sv, 3.4 at 3 Sv, and 7.8 at 5 Sv, but the risks in
persons 80 yr old ATE were 1.0, 1.1, 1.2, and 1.3, respectively. This phenomenon
suggests that the lenses of younger persons are more sensitive to radiation than
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available separately. Approved 10 December 1991; printed May 1993.
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are those of older persons. However, the best-fitting relationship for posterior
subcapsular changes suggested a linear-quadratic dose response and linear
age-related effects. The quadratic estimate of radiation dose squared showed a
highly significant effect with a negative trend, but the negative quadratic
estimate was so extremely small it had almost no contributive value within an
appropriative dose area. These data suggest an additive relationship between
aging and radiation for the induction of posterior subcapsular changes, and they
also indicate that there is no distinct evidence of a radiation-induced aging
effect. The radiation-related relative risks increase with a log linearity: 1.7 at 1
Sv, 3.0 at 28v, 5.1 at 3 Sv, and 14.3 at 5 Sv.

The decrease of visual acuity and accommodation with increasing age were
comparable in both exposed and control subjects, with age-related visual acuity
decreasing more than accommodation,

Introduction

The eye generally is considered to be one of the organs in which ionizing
radiation is more likely to produce acute effects. Many components of the eye may
be changed acutely, but persistent changes in the lens provide visible and reliable
evidence of long-term effects. Miller et al'* reviewed all previous ophthalmologic
surveys conducted at the Atomic Bomb Casualty Commission (ABCC) during
194962 and completed an intensive clinical investigation during 1963-64 of the
residual effects of ionizing radiation on the lens of the eye among exposed
members of the Adult Health Study (AHS). A re-analysis of these findings for
gamma and neutron effects based on the development of posterior lenticular
opacities and tentative 1965 radiation dose (T65D) estimates was reported in
1982.% Recently, Otake and Schull! re-evaluated the quantitative relation be-
tween ionizing radiation and the occurrence of posterior lenticular opacities in
the atomic-bomb (A-bomb) study populations of 1963-64 in Hiroshima and
Nagasaki based on the Dosimetry System 1986 (DS86) revised eye organ dose
estimates. The difference observed between the cities in mean age at exposure in
this re-analysis remained highly significant, and in neither city was age related
systematically with radiation dose. Their findings also showed that the mean age
in the higher-exposure groups was significantly less than in the lower-exposure
groups in both cities, suggesting that age at the time of the bombings (ATB) may
contribute spuriously to the effect of radiation. They suggested a constant
relative biological effectiveness (RBE) of 12.2 from the ratio of the 0.73-Gy
threshold for gamma rays to the 0.06-Gy threshold for neutrons, assuming no
interaction between the two doses.

It is now clear that posterior lenticular changes are not radiation specific. The
posterior lenticular changes may be seen in healthy individuals at any age
without a history of radiation exposure, but their incidence appears to be greatly
increased among the heavily exposed survivors. The latent period for the devel-
opment of lenticular changes may vary inversely with dose® and may be related
to age at the time of the bombings (ATB).

An interesting and important issue in basic radiation biology is to determine
whether an individual’s radiation exposure induces aging effects and life-short-
ening from causes other than radiation-induced cancer. There are some early
reports from studies with animals®’ that radiation accelerates aging and short-
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ens life span, whereas some reports®® on A-bomb survivors suggest little or no
relationship between radiation exposure and aging. Long-term studies of A-bomb
survivors have demonstrated significant increases in the occurrence of leukemia
and multiple myeloma and cancers of the thyroid, lung, stomach, esophagus,
female breast, urinary tract, and colon.'®'® However, it is not yet known whether
any life shortening occurs in humans due to radiation exposure as a result of the
physiological acceleration of aging or from other confounding factors. Kishikawa
et al'* describe aging as essentially a process of progressive reduction in organ
and tissue function that eventually decreases ability to maintain health. It has
been difficult to identify reliable tests or indices that can accurately quantitate
the subtle biological changes that occur as human beings age.

This study was designed to determine the effect of ionizing radiation on the
characteristics of age-related ophthalmologic changes and on the prevalence of
age-related opthalmologic findings. We also examined the possible effects of
interactions between age and radiation exposure, namely, the possibility of an
acceleration of aging due to previous exposure to ionizing radiation.

Materials and Methods

In 1983 Choshi et al'5 investigated ophthalmologic changes related to radia-
tion exposure and age among AHS subjects in Hiroshima and Nagasaki. Their
study population consisted of all persons in the AHS sample exposed to >1.00 Gy
and their controls in both cities. The controls were selected through simple
random stratified sampling, by sex and by age as close as was possible to the
index subjects, from among those in the distal exposure group (<0.01 Gy). In
Nagasaki it was necessary to select persons from the not-in-city (NIC) group to
equalize the size of the control population to that of the index subjects. Choshi et al
examined 1106 (33.2%) of the 3335 index subjects in the combined ophthalmo-
logic study populations of the two cities, namely 768 (43.6%) of 1761 in Hiroshima
and 338 (21.5%) of 1574 in Nagasaki. They also examined 1125 (33.5%) of 3363
control subjects in the two cities, namely, 772 (43.6%) of 1769 in Hiroshima and
353 (22.1%) of 1594 in Nagasaki.

No difference was observed in the opthalmologic examination participation
rates between the index and control groups in either city alone or with the cities
combined. However, there were highly significant differences between the two
cities in the examination participation rates. Choshi et al reported that larger
absolute and relative numbers of AHS subjects were examined in Hiroshima than
in Nagasaki because of the greater availability of ophthalmologists in Hiroshima.
Ophthalmology study refusal rates, however, were about 40% in Hiroshima and
30% in Nagasaki. Many persons in Nagasaki who refused the ophthalmologic
examination were recorded as “dropped” because of the limited availability of
ophthalmologists during normal AHS examination times. Nonparticipation in
the study was mostly due to refusal or to the impossibility of arranging an
ophthalmologic examination. It should be emphasized, however, that the loss of
participants in both the index and control groups of either city did not change
systematically with increasing age.
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Dosimetry

Eye organ doses for proximally exposed persons can be computed using the
DS86 if pertinent shielding information, including posture and burst point
orientation, is known.!® These estimates are termed “direct.” At distances beyond
1600 m in Hiroshima or 2000 m in Nagasaki, where the doses are much smaller
and detailed shielding information usually is not available, individual doses are
assigned in most instances by regression methods. These methods involve the use
of average transmission factors derived from information obtained on individuals
exposed between 1000 m and 1600 m in Hiroshima (or between 1000 m and 2000
m in Nagasaki). Such estimates are termed “indirect.”

The DS86 could not be applied to all A-bomb survivors. Frequently excluded
were persons exposed in nonwooden structures or with shielding histories insuf-
ficiently detailed to allow direct modeling of their exposures. In July 1989 the
DS86 dose estimates in both Hiroshima and Nagasaki were updated for distal
survivors in both cities who were in the open ATB and for Nagasaki survivors
who were either shielded by terrain or were in factories ATB.!7 This permitted
computation of indirect radiation dose estimates for an additional 6.2% of AHS
members (799 of 12,913) for whom DS86 dose estimates previously had not been
available. In all instances, if the total (gamma and neutron) DS86 kerma dose
exceeded 6 Gy, it was truncated to 6 Gy. On the basis of the DS86 eye organ dose
estimates derived from the 1990 Otake and Schull? re-analysis of the radiation-
related posterior lenticular opacities in the Miller et al study® of 196364, an RBE
of 12 was used in this report for the somatic eye effects of neutrons.

Statistical considerations and models

Table 1 shows the distribution of examinees by T65D kerma and DS86 eye
organ dose estimates in the 1978-80 study and the mean gamma and neutron
estimates of DS86 eye organ doses in the corresponding dose groups. Of the 1106
index examinees with a T65D dose estimate, 174 (15.7%) did not have a DS86
dose estimate. The remainder of the index examinees had DS86 eye organ dose
estimates that were widely dispersed in the direction of lower organ dose.
However, 65 (5.8%) of the 1125 control subjects with a T65D dose estimate in
Hiroshima were shifted from the group with < 0.01 Gy to the group with 0.01-0.09 Gy,
and 15 did not have DS86 organ dose estimates. A minor change was made for
consistency in the adjustment of decimal fractions in the T65D dosimetry system
after the ophthalmologic sample was selected in 1978. This resulted in T65D dose
estimates for all 65 subjects in the range of 0.005 to 0.009 Gy and in DS86 eye
organ dose estimates that were only slightly increased, from 0.005 to 0.020 Gy.
The distribution of DS86 eye organ dose estimates for examinees noted in Table
1 indicates that ophthalmologic findings should be analyzed by individual data,
rather than by group data. The ophthalmologic findings in this study were
limited to axial opacities and posterior subcapsular changes, both of which
previously have been observed in A-bomb survivors to have been radiation
induced.?15

The goodness of fit of different models for the interactions between dose and
age was compared to determine whether an additive, synergistic, or antagonistic
relationship is more appropriate for an analysis of age-related changes. In this
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Table 1. Distribution of ophthalmologic examinees based on Dosimetry System 1986
(DS86) eye organ dose estimates

DS86 eye organ dose (Gy)

0.01- 0.10- 0.50- 1.00- DS86 dose
T65D (Gy) Total <0.01 0.08 0.49  0.99 1.99  =2.00  unknown
Both cities combined
Control 18
(<0.01) 1125 1045 65
Index 174
(>1.00) 1106 28 356 360 188
Total 2231 1045 65 28 356 360 188 189
Gamma
= 0.00 0.01 0.41 0.76 1.36 .97 —
(Gy) —
Neutron
— 0.00 0.00 0.00 0.01 0.03 A —
(@y) A
Hiroshima
Control 772 703 65 4
Index 768 3 245 265 171 84
Total 1540 703 65 3 245 265 171 88
Gamma
o 0.00 0.01 0.47 0. 1.38 ; —
(Gy) 0 78 2.99
Neutron
— 0.00 0.00 0.01 0.02 0.03 0.10 -
(Gy)
Nagasaki
Cantrol 353 342 11
Index 338 25 111 95 17 90
Total 691 342 20 111 95 17 101
Gamma
—_ 0.00 — 0.40 0.74 1.32 2.79 —
(Gy)
Neutron
0.00 - 0.00 0.00 0.01 0.02 -—
(Gy)

NOTE: T65D = tentative 1965 radiation dose estimates.

cohort, age-related comparisons are available only from the 1978-80 cross-
sectional data, not from follow-up data. An assumption may be made that the
binary array of an individual with ophthalmologic changes, {y: 1 or 0}, has an
independent binomial distribution with parameters P and n, where y is 1 for an
individual with ophthalmologic changes and 0 for others. Let us suppose that
parameter P for the binomial observation y has logistic regression models simply
defined by logit transformation. The logistic models differ by modeling of covari-
ates composed of city, sex, age, age?, dose, dose?, and so on. The odds ratio
estimate is easily obtained as a measure of the degree of association between
control and exposed effects.!® A series of estimates of risk parameters is readily
calculated using the GLIM program.'®
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Results

Table 1 shows the relationship between T65D and DS86 eye organ dose
estimates and mean DS86 eye organ dose estimates by city for 2231 ophthalmo-
logic examinees during 1978-80. DS86 dose estimates were not available for 189
subjects (88 in Hiroshima and 101 in Nagasaki), and eye findings were not
recorded for 17 subjects with axial opacities and 33 with posterior subcapsular
changes. Information for the analysis of age-related findings was available for
2231 examinees, of whom 2025 (90.8%) were available for analysis of axial
opacities and 2009 (90.0%) for analysis of posterior subcapsular changes. In
Hiroshima, among 1540 examinees, 1436 (93.2%) had data available for analysis
of axial opacities and 1423 (92.4%) had data available for analysis of posterior
subcapsular changes. In Nagasaki, the figures for the 691 examinees were 589
(85.2%) with data available for axial opacities and 586 (84.8%) for posterior
subcapsular changes. The prevalence of axial opacities and posterior subcapsular
changes is indicated by age ATE and DS86 eye organ dose in Appendix Table 1
and Figure 1. Comparing the prevalence trends by age ATE and DS86 eye organ
dose estimate in Table 2 and Figure 1, a highly significant relationship is
observed with increasing age and DS86 eye organ dose. In particular, the
dose-related prevalence of axial opacities shows a strong effect in all but the
group 2 70 yr old ATE, whereas that for posterior subcapsular changes indicates
an increasing trend with greater dose in all age groups.

The deviance values and degrees of freedom, based on five models, are given
in Appendix Table 2 for the goodness of fit of each model to the individual binary
data based on the DS86 eye organ dose in both gray (for a neutron RBE of 1) and
sievert (for a neutron RBE of 12). The deviance values of dose-response models
fitted to the data based on the sievert doses are moderately better than those
based on the gray doses. Model 3 has been selected as the best-fitting model for
axial opacities and Model 4 as the best-fitting one for posterior subcapsular
changes, based on the model fitness of deviances in accordance with the sievert
data. Model 3 is a linear-dose and linear-age-effect model with interaction
between dose and age, and Model 4 is a linear-quadratic dose and linear-age
effect model with no interaction between dose and age.

Dose-response relationships and age-reiated effects

The dose-response and age-related patterns and estimates of other parameters
for axial opacities and posterior subcapsular changes in Models 3 and 4 are shown
in Table 2. As is evident from Table 2, the deviance of Model 3 to axial opacity
data is relatively smaller than that of Model 4, whereas the deviance of Model 4
to posterior subcapsular changes data is much smaller than that of Model 3. The
model that best fits the axial opacity data gives a significant positive effect for
both linear dose-response and linear age-related regression coefficients, but a
significant negative effect for the interaction between dose and age. Such a
negative interaction represents an antagonistic effect; that is, younger persons
have higher lens radiosensitivity than older persons. Figure 2 shows the relative
risk for axial opacities by age ATE and DS86 eye organ dose equivalents (in
sievert) based on an assumed neutron RBE of 12. The relative risks in persons
40 yr old ATE were 1.5 at 1 Sv,2.3 at 2 Sv, 3.4 at 3Sv, and 5.2 at 4 Sv, and the
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Table 2. Increments and decrements of axial opacities and posterior subcapsular
changes based on Dosimetry System 1986 dosimetry equivalents with a neutron RBE
of 12 assumed

Model 3 Model 4
Item Est. SE Est. SE
Axial opacities
Constant -8.35 0.45 -7.77 0.36
City (107") 2.905Y¢ 1.57 2.9359 1.56
Sex (107") -1.26 1.32 ~<t.01 1.32
Age (1072) 10.94** 0.69 9.95"* 0.58
Dose (107" Sv) b {1 1.81 2.91* 0.94
Age x dose (1073 Sv) -9.00"* 3.06 = s
Dose? (107° Sv) K = ~0.70 1.53
Deviance (df) 1593.3 (2019) 1601.1 (2019)
Posterior subcapsular changes

Constant -5.44 0.39 -5.36 0.34
City (107") 2.22 1.48 2.1 1.49
Sex (107") 0.43 1.25 0.61 1.25
Age (1072) 5.94*" 0.61 5.57* 0.52
Dose (107" Sv) 5.38** 1.73 6.20"" 0.89
Age x dose (1072 Sy) -3.51 3.01 —_ —
Dose? (107° Sv) — e -4.97™ 1.44
Deviance (df) 1738.2 (2003) 1727.0 (2003)

NOTE: df = degrees of freedom; SE = standard error; and Est. = estimates.
Sugp < .10; *P < .05; **P < .01.

risks in persons 80 yr old ATE were 1.0, 1.1, 1.2, and 1.2, respectively. As is
evident from Figure 2, the magnitude of log relative risks in persons 40, 50, 60,
and 70 yr old ATE were 8.2-, 6.4-, 4.6-, and 2.8-fold higher, respectively, than
those in persons 80 yr old ATE.

The best-fitting relationship for posterior subcapsular changes, as noted in
Model 4, suggests a linear-quadratic dose response and a linear age-related
effect. The quadratic dose response of Model 4 was highly significant with a
negative trend, but the negative power of 10™° Sy had almost no contributive
value for the estimate of relative risks within 5.0 Sv. The relationship to aging
appears to be additive for radiation-induced posterior subcapsular changes. The
relative risk of posterior subcapsular changes and the 95% confidence limits by
DS86 eye organ dose equivalents based on an assumed RBE of 12 are given in
Figure 3. The relative risks increase with a log linearity, as 1.7 at 1 Sv, 3.0 at 2 Sv,
5.1 at 3 Sv,and 14.3 at 5 Sv.
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Relationship of visual acuity and accommodation to age ATE

Increased lenticular opacities and posterior subcapsular changes, and de-
creased visual acuity and accommodation occurred with increasing age in both
exposed and control subjects as manifestations of the normal aging process. The
relationship of posterior subcapsular changes and visual acuity to refractive error
was examined by city, age, and dose (Figure 4). There was a close correlation
between corrected visual acuity of less than 0.6 and age ATE. The correlation
coefficients between age ATE and corrected visual acuity and refractive error
were 0.502 and 0.156, respectively, indicating a strong relationship between
aging and decreased visual acuity and a much weaker relationship with in-
creased refractive error. Figure 4 illustrates the weak relationship between
radiation dose and both visual acuity and refractive error.

Discussion

Radiation cataract was the first late effect unequivocally recognized among the
A-bomb survivors. Many clinical, histopathological, and statistical ophthalmo-
logic findings have been reported"?2°-2% since Cogan et al first described radia-
tion-related cataracts among the A-bomb survivors in 1949.20%! These studies, as
well as others, show clearly that a radiation-induced cataract in its early stages
is a quite characteristic lesion, usually defined as a central, posterior subcapsular
opacity, easily visible with a slit-lamp biomicroscope or an ophthalmoscope. The
most frequently described lesion in heavily exposed persons was a posterior
lenticular plaque or polychromatic sheen. Few discreet radiation cataracts were
observed in this population. Miller et al,"? in a comprehensive ophthalmologic
study, corroborated the increased occurrence of posterior lenticular lesions in
more heavily irradiated persons and noted that almost no progression of these

Age ATE (yr)

40
50

10.0

Relative risk

0.0 1.0 2.0 3.0 4.0 5.0

Radiation dose equivalent (Sv)

Figure 2. Relative risk of axial opacities by age at the time of examination (ATE) and
Dosimetry System 1986 (DS88) eye organ dose equivalents based on an assumed
relative biological effectiveness of 12. The relative risk was derived from a linear

dose-response relationship with age x dose interaction based on Model 3 in Table 2.
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Relative risk
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0.0 1.0 2.0 3.0 4.0 5.0

Radiation dose equivalent (Sv)

Figure 3. Relative risk of posterior subcapsular changes and 95% confidence limits by
Dosimetry System 1986 (DS86) eye organ dose equivalents based on an assumed
relative biological effectiveness of 12. The relative risk was derived from a linear-quad-
ratic dose-response relationship based on Model 4 in Table 2.

radiation-related lesions had occurred in about 10 yr. Furthermore, Miller et al®
reported that the most characteristic feature of a radiation cataract is its initial
axial opacity, which ophthalmoscopically appears as a dot, usually in the poste-
rior polar region. As it enlarges, the dot becomes surrounded by many small
granules and vacuoles. The opacity develops a relatively clear center, giving it a
doughnut shape, as it continues to enlarge to a diameter of 3 mm to 4 mm.

Radiation damage to the human lens usually appears after a latent period of
several months to several years. Sometimes radiation-related changes first
appear later in life. The latent period from the time of treatment with X rays or
gamma rays to the appearance of lens opacities varies from 6 mo to 35 yr, with
an approximate average of 2 to 3 yr.?* Unfortunately, the latent period for
radiation-induced lenticular opacities among A-bomb survivors is uncertain
because ophthalmologic observations were conducted at irregular intervals
rather than in a systematic longitudinal fashion.

In this study, there are two major problems of interest: are the lenses of
younger persons particularly susceptible to radiation-induced accelerated aging,
and is there an excess risk of axial opacification at doses less than 2.0 Gy? Choshi
et al'® suggested in 1983 that persons in Hiroshima under age 15 ATB (< 50 yr
old ATE) exposed to over 2.0 Gy incur an increased radiation-induced aging effect
for lenticular changes. The difference in radiation-related risks in the current
study between the group < 50 yr old ATE and the group > 70 yr old ATE based
on the prevalence of axial opacities was significantly higher, 1.34-fold (P = .02)
in the >2.0-Gy group. The trend was similar to that observed for lens radiosensi-
tivity in the younger groups of both cities combined. The risk difference in
Hiroshima, however, was only 1.28-fold higher (P = .04). Risk differences of 1.24
in the group 50 yr to 59 yr old ATE and 1.27 in the group 60 yr to 69 yr old ATE
were only suggestive (P = .07). However, the 1.21-fold difference in dose-response
estimate between the younger and older groups with respect to the prevalence of

10
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posterior subcapsular changes was suggestive only in those under age 50 ATE (P
= .09); no statistically significant excess risk was observed in the two older
groups. The results of Choshi et al'® were derived from the marginal risks seen
in a two-group comparison based on T65D kerma estimates. In the current study,
more-precise individual DS86 eye organ dose estimates have been used to allow
more-powerful statistical evaluations of possible risks. The DS86 estimated doses
are lower (than the T65D doses) for the high-dose groups and higher for some
members of the control group.

In 1990 Otake and Schull* suggested a value of 12.2 as a constant RBE for
neutrons, based on previous ophthalmologic studies and assuming no interaction
between gamma and neutron doses. This value derives from the observation that
the 0.73-Gy threshold for gamma rays gives the same “safety” zone as the 0.06-Gy
threshold for neutrons and that their combined effect results in an estimated
minimal dose of 1.46 Sv (146 rem). The data of Otake and Schull definitely
indicate a sigmoid dose-response relationship with an apparent threshold for lens
opacification. The International Commission on Radiological Protection (ICRP)%
has suggested, based on a few mature cataracts detected among A-bomb survi-
vors, that a highly sigmoid dose response exists for radiation with high linear
energy transfer (LET). The ICRP also has reported that the threshold dose for a
cataract following a single acute exposure to low-LET gamma radiation is about
2 Gy. The analysis of RERF cancer data by Preston and Pierce'? and the BEIR V
report?® have been based on DS86 organ dose equivalents with an assumed
constant RBE of 10 or 20. Therefore, it is impossible to obtain precise estimates
of the neutron RBE from RERF cancer data. Unbiased estimates of linear excess
risk for cancer mortality are about 5%—15% greater than the estimates with no
allowance for such errors.?” If the gamma and neutron threshold estimates by
Otake and Schull? are assumed to be 5%—-15% lower than the unbiased values
derived from DS86, the threshold ranges from 1.54 to 1.68 Sv. The threshold
based on the 1978-80 data used in this report has not been evaluated because of
the small sample selection for the two dose groups (0 Gy versus = 1.0 Gy) based
on the T65D estimates of the Adult Health Study A-bomb survivors. The distri-
bution of eye examinees based on DS86 dose estimates in the range of 0.01-0.50
Gy was even more limited. Therefore, a constant neutron RBE of 12 was assumed.
Furthermore, the results of Model 3, which were determined by their maximum
constant RBE of 25 (ratio of gamma/neutron thresholds: 1.53/0.06), were 10.81 x 10~2
(P < .01) for age ATE, 5.37 x 107! Sv (P < .01) for DS86 dose equivalents, and —6.07 x 10~
(P < .01) for age x dose interaction with the same deviance value of 1593.3, degrees
of freedom (df) = 2019.

The estimates of parameters of the best model derived from the limited eye data
based on the age x dose interaction for DS86 dose equivalents of an assumed RBE of
12 are 0.50 Sv for threshold (deviance = 1591.6; df = 2019), 10.63 x 1072 (P < .01)
for age ATE, 7.44 x 107! Sv (P < .01) for DS86 dose equivalents, and —7.94 x 10-3
(P <.01) for age x dose interactions. Similar data for an RBE of 25 give estimates
of 0.58 Sv for threshold (deviance = 1591.9; df = 2019), 10.57 x 10~2 for age ATE,
5.23 x 107" Sv for DS86 dose equivalents, and —5.45 x 10~ Sv (P < .05) for age x dose
interaction. These restricted eye data suggest that high-LET cataractogenesis is
nonstecastic with a threshold. The fit based on an assumed RBE of 12 and a
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threshold of 0.50 Sv for the axial opacity data reduces the deviance by 1.7.
However, such an estimate of threshold for the restricted data in which the
individuals with low dose (0.01-0.99 Gy in T65D kerma) are not considered would
be too low to infer a true target in a population. Consequently, we assumed a
threshold value of 1.50 Sv for the high-LET contribution,* and, with this thresh-
old, the fit of Model 3 to axial opacity data (deviance = 1613.6) and of Model 4 to
posterior subcapsular change data (deviance = 1774.0) is poorer for both models,
compared with the fit using a threshold of 0 Gy. However, the fit using a threshold
of 2.0 Svis worse than either the Model 3 (deviance = 1622.6) or Model 4 (deviance
= 1794.9) using a threshold of 1.50 Sv. Figure 5 shows relative risks for axial
opacities by age ATE and DS86 eye organ dose equivalents based on an assumed
RBE of 12 and threshold of 1.50 Sv as a “safety zone.” The relative risk for axial
opacities in persons age 40 ATE decreased from 2.3 at 2 Sv, 3.4 at 3 Sv, 5.1 at 4
Sv, and 7.8 at 5 Sv for a 0-Gy threshold to 1.2 at 2 Sv, 1.7 at 3 Sv, 2.5 at 4 Sv, and
3.6 at 5 Sv, respectively, for a 1.5-Sv threshold. The log relative risks in persons
age 40, 50, 60, and 70 yr ATE decreased from 8.2, 6.4, 4.6, and 2.8 for a 0-Gy
threshold to 3.0, 2.5, 2.0, and 1.5, for a 1.5-Sv threshold, respectively, compared
with persons age 80 yr ATE. The relative risk for axial opacities in persons age
40 yr ATE decreased from 2.3 at 2 Sv, 3.4 at 3 Sv, 5.2 at 4 Sv, and 7.8 at 5 Sv for
a 0-Gy threshold to 1.2 at 2 Sv, 1.7 at 3 Sv, 2.5 at 4 Sv, and 3.6 at 5 Sv,
respectively, for a 1.5-Sv threshold. Figure 6 shows the relative risk for posterior
subcapsular changes by DS86 eye organ dose equivalents with an assumed RBE
of 12 and a safety zone of less than 1.5 Sv. The log relative risks similarly decrease
from 3.2 at 2 Sv, 5.1 at 3 Sv, 8.6 at 4 Sv, and 14.3 at 5 Sv for a 0-Gy threshold to
1.4 at 2 Sv, 2.8 at 3 Sv, 5.3 at 4 Sv, and 10.2 at 5 Sv for a 1.5-Sv threshold. The
1983 ophthalmologic study did not specify whether the opacities found were
radiation lenticular opacities or senile lenticular opacities. In addition, it is
difficult to determine whether cataracts are radiation related or age related from
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Figure 5. Relative risk of axial opacities by age at the time of examination (ATE) and
Dosimetry System 1986 (DS86) eye organ dose equivalents based on an assumed relative
biological effectiveness of 12 and threshold of 1.5 Sv. The relative risk was derived from a

linear dose-response relationship with a negative interaction (age x dose).

13



RERF TR 18-21

100.0

30.0
20.0

10.0
5.0

1.0 N I

Salaty zono ~JiB=]

T lIJ!I!l!‘I llllllll‘

Relative risk

T TTTIT

0.1 | | | | |
0.0 1.0 1.5 2.0 3.0 4.0 b.0

Radiation dose equivalent (Sv)

Figure 6. Relative risk of posterior subcapsular changes and 95% confidence limits by
Dosimetry System 1986 (DS86) eye organ dose equivalents based on an assumed relative
biological effectiveness of 12 and threshold of 1.5 Sv. The relative risk was derived from a
linear-quadratic dose-response relationship based on Model 4 in Table 2.

the medical records of that time. In a statistical evaluation, a model with an
assumed threshold of 1.5 Sv fits poorly compared with a model with a 0-Gy
threshold. This discrepancy may be due to the large number of persons with
senile opacities in the low-dose group.

Results suggestive of radiation-related accelerated aging or nonspecific life
shortening have come from animal experimentation rather than from observa-
tion of human populations.?® A hypothesis based on animal experiments has been
advanced that excessive radiation may induce dose-dependent nonspecific life
shortening in humans.®?%?® Walburg,” however, has emphasized that aging is
extremely difficult to define and probably can best be described as a progressive
loss of functional capacity after individuals have reached reproductive maturity,
resulting in an increased probability of disease and death. We examined the
possibility of an age x dose interaction in radiation-induced axial opacities or
posterior subcapsular changes, using the 1978-80 study data. Application of
logistic regression models with and without an age x dose interaction to the
binary-array data of axial opacities and posterior subcapsular changes, respec-
tively, have shown a definite radiation-induced effect. The best fit for ionizing-
radiation exposure and age for the prevalence of axial opacities suggested a linear
dose-response relationship with a significantly negative interaction between
radiation dose and age, a so-called antagonistic effect. The estimation of such an
antagonism suggests that the lenses of younger persons are more radiosensitive
than the lenses of older persons. The relationships for posterior subcapsular
changes, however, were linear-quadratic for dose and linear for age. A logistic
model applied to continuous data, using individual DS86 eye organ doses, is more
powerful than models applied to marginal or discrete data. However, both
previous and current analyses suggest greater radiosensitivity in younger (vs
older) persons for the development of axial opacities.

14
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Merriam and Szechter®® in 1975 investigated in rats the effect of age on the
development of lenticular radiation cataracts. They made three interesting ob-
servations: (1) with doses of 2-3 Gy, early lens changes occurred sooner and
progressed faster in adults than in the young; (2) at doses of 3-9 Gy, lens opacities
developed sooner in the young, but progression was more rapid, and severe
opacities developed sooner in adults; and (3) at doses of about 9 Gy, cataracts
again appeared sooner in the young and progressed faster to severe opacification.
Merriam and Szechter’s data, however, could not statistically support the hy-
pothesis that the lenses of younger persons are more radiosensitive than the
lenses of older persons. Two studies in humans showed that about 70% of a group
of patients who received 5.50-9.90 Gy of X or gamma rays to the eye, fractionated
over periods of 3 wk to 3 mo, developed a lenticular opacity, with about 30%
progressing to impairment of vision.%®! Qur current study supported statistically
the finding that the lenses of younger persons were more sensitive to radiation
for development of axial opacities than were the lenses of older persons.

The rates of prevalence of axial opacities by age group, that is, age ATE <40,
4049, 50-59, 60-69, and 270, are 5.3% (9/171), 6.5% (31/479), 10.9% (73/668),
27% (99/362), and 55.4% (191/345), respectively. Of 403 axial opacity cases, 191
(47.4%) were over age T0 ATE. As plotted in Figure 1, several data sets have been
analyzed to determine if radiation dose has less effect on this age group. The
results of analyses with 0-Gy threshold (deviance = 402.7, df = 447, in the RBE
of 12, and deviance = 402.4 in the RBE of 25) or with 1.5-Sv threshold (deviance
= 406.9 in the RBE of 12, and deviance = 404.1 in the RBE of 25), omitting
individuals with both dose less than 1.0 Gy and age ATE over 70 yr, showed a
highly significant effect for age but a nonsignificant difference for the likelihood
estimates, which were all positive dose-response and all negative age x dose
interaction. When we fit this age group data to Model 4 with 0-Gy threshold
(deviance = 399.1, for df = 447, in the RBE of 12), a highly significant difference
was noted for all estimates of age and dose, but a suggestively negative effect was
observed for the dose squared. Also, for a 1.5-Sv threshold (deviance = 400.4 in
the RBE of 25), the results gave a highly significant difference for age, a weakly
significant difference for dose, and a nonsignificant difference for the negative
effect of dose-squared. These analyses with 1.5-Sv threshold also showed almost
the same results (deviance = 407.4 in the RBE of 12, and deviance = 404.4 in the
RBE of 25). Additionally, the likelihood estimates of Model 3 analyses of 0-Gy
threshold (deviance = 1112.7, df = 1674, in the RBE of 12, and deviance = 1112.3
in the RBE of 25) or 1.5-Sv threshold (deviance = 1137.9 in the RBE of 12, and
deviance = 1128.0 in the RBE of 25), omitting only individuals over age 70 ATE,
revealed a highly significant effect for age but nonsignificance for the likelihood
estimates, which were all positive dose-response and all negative age x dose
interaction. All deviances of Model 4 derived from individuals less than age 70
ATE are better than the deviances of Model 3, and highly significant effects were
observed not only for age but also for dose. However, all estimates of dose squared
were suggestively negative for either the 0- or 1.5-Sv threshold with an RBE of
12 but were not significant for the individuals with an RBE of 25. The goodness
of fit for models and the significance of estimated parameters depend upon data
and modeling. These results are strongly influenced by inclusion or exclusion of
individuals of age 70 yr or over ATE. This age category has greater prevalence
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than all higher-dose groups. Radiation exposure may have less effect than a
strong effect of aging. Clearly, there may be room for radicbiological arguments
in the analysis in which the group of individuals over age 70 yr ATE were
excluded, which accounts for about 50% of the 403 total cases of axial opacities.
The prevalence of axial opacities is more than 55% in this age group. In any case,
an analysis based on continuous data of the whole sample is more powerful than
a group data analysis. It is emphasized that the restricted data might be due to
the lack of knowledge of the true RBE and threshold and also that there are many
other uncertainties. These risk-estimate data unquestionably have their share of
uncertainties. One problem is the small numbers of “lightly” and “heavily”
exposed individuals with lens opacities observed in the 1978-80 study. Other
problems include errors due to inadequate information concerning location,
posture, orientation, and shielding of individuals at the time of exposure. Be-
cause the development of lens opacity may depend on individual sensitivity and
the angular distribution of flash radiation upon the lens, such exposure informa-
tion is potentially important. The DS86 eye organ dose estimates are based on
12 mean angles to the A-bomb burst point, but the lens opacities among A-bomb
survivors are not entirely consistent with this DS86 angular distribution of the
flash. Nonsystematic random errors in individual radiation exposure estimates
result in underestimation of radiation effects in dose-response analyses.
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Appendix

Appendix Table 1. Prevalence of axial opacities and posterior subcapsular changes for
cities combined by age at the time of the bombings (ATE) and Dosimetry System 1986
(DS86) eye organ dose estimates

DS86 eye organ dose (Gy)

Age
ATE
(yr) ExamPos % Exam Pos % Exam Pos % Exam Pos % Exam Pos %

Total <0.01 0.01-0.99 1.00-1.99 =2.00

Axial opacities
<40 171 9 53 84 2 24 36 2 56 32
(116 7 6.0) (54 1 1.9) (19 1 53) (25

40-49 479 31 6.5 247 12 49 111
(297 27 9.1) (149 10 6.8) (66

50-59 668 73 10.9 350 33 9.4 142
(466 63 13.5) (227 26 11.5) (98

63 19 3 158
8.0) (18 3 16.7)

o NN

36 76 6.6 45 10 22.2
6.1) (44 4 91) (38 9 23.7)

56 109 16 147 67 16 23.9
7.4) (79 14 17.7) (62 16 25.8)

~ o A

80-89 382 99 27.3 172 3520.3 85 21 247 78 30 385 27 13 48.2
(277 82 29.8) (124 24 19.4) (69 17 24.6) (60 29 48.3) (24 12 50.0)

=70 345 191 55.4 187112 59.9 66 29 439 62 33 532 30 17 56.6
(280 150 53.6) (145 B84 57.9) (52 22 42.3) (54 28 51.9) (29 16 55.2)

Total 2025 403 19.9 1040 194 18.7 440 64 145 357 86 24.1 188 59 31.4
(1436 329 22.9) (699 145 20.7) (304 51 16.8) (262 77 29.4) (171 56 32.7)

Posterior subcapsular changes
<40 171 20 11.7 84 2 24 36 5 138 32
(116 17 14.7) (54 1 1.9) (19 4 21.1) (25 20.0) (18 7 38.9)

40-49 479 41 89 247 13 53 111 10 9.0 76 8 105 45 10 22.2
(297 34 11.4) (149 10 6.7) (66 7 10.6) (44 7 15.9) (38 10 26.3)

50-58 665 91 13.7 349 25 7.2 142 20 14.1 107 12 19.6 67 25 37.3
(484 77 16.6) (227 19 8.4) (98 14 14.3) (77 19 24.7) (62 25 40.3)

60-69 360 100 27.8 170 31 182 85 22 259 78 35449 27 12 444
(275 82 29.8) (122 21 17.2) (69 20 29.0) (60 29 48.3) (24 12 50.0)

>70 334 126 37.7 182 62 341 62 22 355 60 26 43.3 30 16 53.3
(271 93 34.3) (141 43 30.5) (49 13 26.5) (52 22 42.3) (52 22 42.3)

Total 2009 378 18.8 1032133 129 436 79 18.1 353 96 27.2 188 70 37.2
(1423 303 21.3) (693 94 13.6) (301 58 19.3) (258 82 31.8) (171 69 40.4)

18.8 19 7 36.8

@ »n o,

Note: The values in parentheses are the number of subjects and prevalence in Hi-
roshima. The mean DS86 organ dose estimates corresponding to each dose group from
<0.01 to 22.00 Gy are 0.00, 0.64, 1.39, and 3.07 Gy, respectively. Exam = number of
individuals examined; Pos = number of cases diagnosed.
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Appendix Table 2. Deviance and degrees of freedom (df) of Models 1-4 for axial
opacities and posterior subcapsular changes based on DS86 eye organ doses in gray
and sievert

Deviance, fit Deviance, fit
Item dt based on gray based on sievert (RBE = 12)

Model 1: Logit (P) = Bg(constant) + B.Z + BsZs

Axial 2022 1990.8 1990.8
Posterior 2006 1921.8 1921.8

Model 2: Logit (P) = Bg + BeZe + PsZs + BaZa + BaZy

Axial 2020 1604.1 1601.3
Posterior 2004 1739.7 1739.6
Model 3: Logit (P) = By + BeZe + BeZs + Pada + BaLy + BagZad
Axial 2019 1594.8 1593.3
Posterior 2003 1738.0 1739.2

Model 4: Logit (P) = Bg + BeZe + BsZs + PaZa + BuZy + B aaZ

Axial 2019 1604.0 1601.1
Posterior 2003 1729.3 1727.0

Model 5: Logit (P) = Bg + BeZe + BsZs + BaZa + PazZa + BaZa + BuaZg

Axial 2018 1600.6 1597.9
Posterior 2002 1729.3 1726.9

NOTE: Z, Zs, Za, Za, Zd, Z&, and Zag denote covariates composed of city, sex, age,
age?, dose, dose?, and age x dose interaction; df = degrees of freedom; RBE = relative
biological effectiveness.
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107%Sv (P <.05)Th-t, Bizfd s ndofllliasnicy—4 T, & LET BARESE
O FET 5 IEHERINEERE LT 5, RBEI2Z{REL, Ml0.50Sv & L7
BEOMBRET -4 ORAGERBALELGHERE LTEEETsE2. UL, B
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Wi (T6D A —=<T0.01-0.99Gy) 2B M LA WHIBEI N TF—F Itk 5 2D &5 151
HOHEEMI, K9 ETENoR AT E 0, Licdt> T, MLET H5 O %
1.50Sv LSE L' ZoMiliEfAWEE, EF N 30MLEE T — 7 ~0 @& B (K
KR =1613.6) & €7 VA DEREE TEALT — 7 ~OMEE TALELLHG R =1774.0)
i, MEFALELMMOGYy ZH W cBEa LW bFH 5, LoL, MIE2.0SvERHOIEEE
M 1.60Sv &V & 7L 3 ALK i = 1622.6) £ 2 ld €7/ 4 (IRALELL
it =17T94.9) 0 VWTFhOoRESE LD % 5, K5 iF, BARERN, BLTFRBE12 %
e L, Me4fitl | & L ToRdftia 1.50Sv & L Bi& o DS86 MR o a3 fiik 24 il iz b vk
BB ) 27 A2RLTOS, MAMRTEH 40 6 OPERE X Y 2 7 &, Mo 055,
28v 2.3, 3Sv T34, 4SvT5.1, 5SvT7.80 5, B 1.5SvOEa, shEhl.2, 1.7,
2.5, 3.6 Ui, A 405%, 50K, 604K, HX U TOROHEMHN ) R 714, WA
80 LMk 24, MIEODE&?DS8.2, 6.4, 4.6, 2.80 5, M L.6Svaoa, Th
Fh, 8.0, 2.5, 2.0, L5z Lic, BRER: 40 o mitREHE ) X 7 ZEE0 DI5E,
28vT2.3,35vC3.4,4SvT5.2, 5SvTT7.84 5, MiE1.6Svoi&EnTh 1.2,
1.7, 2.5, 3.8 @D Lz, KB1E, 1.5SvEITDIRLHE | OB L RBE12 2{KE L /i
EO®TTEILOHNT Y R 2 % DS86 RO MM RBICR LTS, MWEHEXN Y 220
KEXRFEILLS CEMODBED2Sv 8.2, 3SvTh.1, 4SvT8.6, 5SvT14.3H 5,
M 1.5SvoiBanEhTh1.4, 2.8, 5.3, 10.21CED Uiz, 1983 FORBNIHETE,
TR & h 2B s & 2K BRRE L O»ZAEKRFEREREONERETE L0,
T, MO EREEE A S BRI B U 7 AR O SMERIC B L 7 B AR O e R
ET BT EEHTH 2, HEFEMEEMIcB VT, MiE LSSy 2KE LTV, BE0E
#5E Lic 5L E X THEAHSEY, oR—8ut, (EREFICZARRREET 2 AL
sHEThTwicBdrb LAk,

IR b A 2 INAS (R & 7o I IER RIS T A R T 2455, £ boBHIcK S
BETEEHYERN GEB-bDTH 5,.° BPERICE SRS E Mobid 580
MRS RAERESRNEMEHERRT 20 LA E VS T & ERIB LA
LA L, Walburg” i3, MSIBHTEHELIc LW E2EA L, B RALRNERMMIC
R L 7= i o B AR SR ICIE F L, % 05 R, #ilERs X O CHERL NS 5 &
WO LMABTNELE>TWD, 19T8EN 5 1980 EQFEF— 5 2R VT, Kl
MEEFEOMMREE - BB TE LI EB L AR EOHAEFRANRH LN LN E S ER
Ut FRS LG EOMIERAA et oY AT 1 v Z7RMEF VL ZOHAFMES S
BhaY2AF 4y 7EREFNVAMEELDS L OCRE FLAlo (E7 -2 KEnENEH
Ui B BT 22 i BHRA Ah A b 2, BMEIRIB O FEBIRIC 2 U THER O BRI & 5
& DIBEF L, KGR AR OB BEELAOHENRM, $abb, HEYE
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1976 4Eiz, Merriam %5 & OF Szechter™ 1%, 5 v b & THMD K EL A O TR E BT
OFBRETHEENAR Ui, BHoW, Z20MKEOVEE, +4bb (1DEE2-3Gy D
Breid, HIAOKRBERELBB TR LD bRADIE S 2FBIT T L, #ITL#D -7z, (2)41
T 3-9Gy DA, HEBOHIKSABEBORE R, #ITHE - d, RADLIZ
TEORBORENRY, BT (REINIGY 0E& TR, HHROREETEFEDH
AR, EERBANOHITHE, 52, LD L, Merriam 35 & Uf Szechter ©F — 7 i3, #4F
B ONREBAEIT FHEE OKEAE £ D b BHERESZENS O & VS KA 2 EiE T X
ihot, b baMRE LT ORAR, 38> 30Hizbi b, IRi25.50-9.90Gy
D XARE F i3 A =i E D HIRS S N7 BHEEOK TO %ITKE AR AR L, #4930 %
AHEECETET L E2W LML SR0o#EAR, MEREORRIz>VTiR
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Lo
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ft &
trak L. e G LSRR S & ORE T 2L ORBIS, FHIFHER S X 171986 4
HRIHESE (DSBE) Mo WA A4 R 12t 51
DS86 Il As#itlit (Gy)
IR il <0.01 0.01-0.99 1.00-1.89 22,00
T B SEHE % W R % W RIE % W RIS % R R %
i
<40 171 53 84 2 24 36 2 86 32 2 63 19 3 158
(1186 6.0) (54 1 19 (9 1 53) (25 2 80) (18 3 167
40-49 479 31 65 247 12 49 111 4 36 76 5 66 45 10 222
(297 27 91) (148 10 6.8) (66 4 61 (44 4 901 (38 9 23.7)
50-59 668 73 109 350 33 94 142 8 56 109 16 147 67 16 239
(466 63 135) (227 26 115) (98 7 74) (79 14 177) (62 16 258)
B0—69 362 99 273 172 35 203 85 21 247 78 30 385 27 13 482
(271 82 296) (124 24 184) (69 17 246) (60 28 483) (24 12 50.0)
=70 345 191 554 1B7T 112 589 66 29 439 62 33 832 30 17 566
(280 150 536) (145 84 57.9) (62 22 42.3) (54 28 5L9) (29 168 552)
it 2025 403 199 1040 194 187 440 64 145 357 86 241 188 59 314
(1436 329 229) (699 145 20.7) (304 51 18.8) (262 77 204) (171 568 32.7)
HBETRAE
<40 171 20 117 84 2 24 38 5 138 32 6 188 19 7 368
(116 17 14.7) (54 1 19 (18 4 211) (26 5 2000 (18 7 38.8)
40-49 479 41 89 247 13 53 111 10 90 76 8 105 45 10 222
(297 34 114) (149 10 67) (66 7 106) (44 7 158) (38 10 26.3)
650-59 665 91 137 349 25 72 142 20 141 107 12 186 67 25 373
(464 77 166) (227 19 B84) (98 14 143) (77 19 247) (B2 25 40.3)
B0—69 360 100 278 170 31 182 85 22 259 78 35 449 27 12 444
(275 82 298) (122 21 17.2) (69 20 20.0) (60 29 483) (24 12 50.0)
270 334 126 37.7 182 62 341 62 22 3BS 60 26 433 30 16 533
(271 93 34.3) (141 43 305) (49 13 285) (52 22 42.3) (52 22 42.3)
&t 2009 378 188 1032 133 129 436 79 181 353 96 272 188 70 37.2
(1423 303 21.3) (693 94 136) (301 58 10.3) (288 82 3L8) (171 69 404)

7 A O IER OGRS HHTE S, <0.01 Gyh 522,00 Gy F CORHURIHIMHINT 5
DS86 I AR i EEHEEMLE, €320 0.00 Gy, 0.64 Gy, 1.39Gy, 3.07 Gy T& 5,
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HE2 VLA BLUY—~L TR DS8E RO I T itk i3 X T
BEFTLC2OTOET I 1- 4 OEF LR GRS Lo Bl (df)

B ST i A Lt

HH L FUA B RS ¥ —~L b izi5 < R4 (RBE =12)

£ 1: Logit (P) = By(constant) + B, Z, + B, Zg

Sl R 2022 1990.8 1990.8
wRTLAL 2006 1921.8 1921.8
EFN2: Logit (P) = By + BeZo+ BsZg+ B Zy + By Zy
il iR 2020 1604.1 1601.3
BT A 2004 1739.7 1739.6
EFIN3: Logit (P) = B+ B Zy+ BuZs+ BaZy + ByZy + BagZag
L ddiea i) 2019 1594.8 1593.3
e F AL 2003 1738.0 1739.2
E5 )L 4: Logit (P) = By + BeZc + B Zs + BaZa + BaZy + BuzZh
i L 2019 1604.0 1601.1
B TEAL 2003 1729.3 1727.0
£F 5 Logit (P) = By + BeZe + BsZs + BaZa + BazZE + BaZa + Bu 26
il R 2018 1600.6 1597.9
BT 2002 1729.3 1726.9

W Zy Zg Zaw 25, 2y 25, 2o V3, WA, M, GEMS, AEEGO T, AU, MEOTRB LU
& IR E DI VER N bR B A R E KT . RBE =30 EMER Lo
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