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Purpose: To examine the incidence of clinically important cataracts 
in relation to lens radiation doses between 0 and approx-
imately 3 Gy to address risks at relatively low brief doses.

Materials and 
Methods:

Informed consent was obtained, and human subjects pro-
cedures were approved by the ethical committee at the 
Radiation Effects Research Foundation. Cataract surgery 
incidence was documented for 6066 atomic bomb survi-
vors during 1986–2005. Sixteen risk factors for cataract, 
such as smoking, hypertension, and corticosteroid use, 
were not confounders of the radiation effect on the ba-
sis of Cox regression analysis. Radiation dose-response 
analyses were performed for cataract surgery incidence 
by using Poisson regression analysis, adjusting for demo-
graphic variables and diabetes mellitus, and results were 
expressed as the excess relative risk (ERR) and the excess 
absolute risk (EAR) (ie, measures of how much radiation 
multiplies [ERR] or adds to [EAR] the risk in the unex-
posed group).

Results: Of 6066 atomic bomb survivors, 1028 underwent a first 
cataract surgery during 1986–2005. The estimated thresh-
old dose was 0.50 Gy (95% confidence interval [CI]: 0.10 
Gy, 0.95 Gy) for the ERR model and 0.45 Gy (95% CI: 
0.10 Gy, 1.05 Gy) for the EAR model. A linear-quadratic 
test for upward curvature did not show a significant qua-
dratic effect for either the ERR or EAR model. The linear 
ERR model for a 70-year-old individual, exposed at age 20 
years, showed a 0.32 (95% CI: 0.17, 0.52) excess risk at 
1 Gy. The ERR was highest for those who were young at 
exposure.

Conclusion: These data indicate a radiation effect for vision-impairing 
cataracts at doses less than 1 Gy. The evidence suggests 
that dose standards for protection of the eye from brief 
radiation exposures should be 0.5 Gy or less.
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collected at each health examination 
during the 20-year period. A number 
of measures had no missing data, while 
some had small amounts (, 10%) for 
which missing data were coded as nor-
mal. The correlations between radia-
tion dose and whether information was 
missing were between 20.1 and zero 
for the various risk variables, indicating 
little effect of the missing data on the 
radiation dose response (8).

Between January 1986 and Decem-
ber 2005, 8055 individuals visited the 
AHS clinics more than once, so that 
new incident cases could be identified 
(at the initial visit during that period, 
prevalent cases were identified, while at 
subsequent visits, new, incident cases 
of cataract surgery were identified), but 
some were inappropriate for inclusion: 
1861 individuals who were prenatally 
exposed or whose radiation doses were 
unknown, 122 individuals who under-
went cataract surgery before January 
1986, and six individuals in whom the 
date of surgery was unknown. There-
fore, 6066 eligible individuals (without 
a prior cataract surgery) were consid-
ered at risk beginning at their first AHS 
clinic attendance date after January 1, 
1986, until cataract surgery was per-
formed, the last date of attendance at 

review board) of the Radiation Ef-
fects Research Foundation, or RERF, 
and informed consents were ob-
tained. Since 1958, the Adult Health 
Study (AHS) has conducted biennial 
clinical health examinations (S. Fuji-
wara, 33 years; and M.A., 24 years)  
of individuals exposed to the atomic 
bomb (A-bomb) (5). Beginning in 1986, 
cataract surgery, as confirmed by using 
ophthalmoscopic examination (A.M., 
25 years), was systematically recorded 
in the medical charts. For the current 
study, chart reviews of all study sub-
jects were conducted by experienced 
physicians (K.N., 32 years; A.M., 25 
years; A.H., 13 years) to assure accu-
rate coding of cataracts. Incident cases 
of surgically removed cataracts (ie, 
their first cataract surgery) among AHS 
subjects were identified during 1986 
through 2005. A total of 6066 subjects 
with estimated doses who visited Ra-
diation Effects Research Foundation 
clinics at least twice during this period 
were considered eligible for the inci-
dence analysis if they had no indication 
of cataract surgery at their first visit af-
ter 1985.

For dose-response analyses, we 
used the eye radiation dose in gray 
equivalents, which is the sum of the 
gamma dose plus 10 times the neutron 
dose based on the current Dosimetry 
System 2002 (6) and adjusted for dose 
measurement error (7).

Sixteen lens opacity risk factors 
were identified from the literature 
(8–11) for which questionnaire or ob-
servational information was available, 
including the following: education; mar-
ital status; history of smoking; body 
mass index; systolic and diastolic blood 
pressure; platelet count; lactic acid 
dehydrogenase level; uric acid level; 
g-glutamyltransferase level; history of 
diabetes mellitus, hypercholesterol-
emia, hypertension, angina pectoris, or 
myocardial infarction; and corticoste-
roid medication use. The information 
on nearly all candidate risk factors was 
collected during the 1986–1989 base-
line period from the AHS health exami-
nation database or mail surveys (E.J.G., 
10 years; N.M., 10 years; S. Funamoto, 
21 years). Information on diabetes was 

S ince the 1950s, the prevailing 
view has been that only relatively 
high doses of at least several grays 

induce vision-impairing cataracts (1). 
For instance, for many years the Inter-
national Commission on Radiological 
Protection judged that a brief exposure 
of at least 5 Gy was required to cause 
vision-impairing cataracts (2,3). Those 
recommendations were recently revised 
(4), but there remains an ongoing need 
for additional, informative data on brief 
radiation exposures of less than 1 Gy and 
the risk of vision-impairing cataracts.

On the basis of relatively few data, 
radiation protection groups have long rec-
ommended a dose-effect threshold level 
for vision-impairing cataracts of several 
grays for brief radiation exposures. The 
three main objectives of the current study 
were (a) to quantify the degree of cata-
ract surgery risk from radiation, adjusting 
for other cataract risk variables that may 
have been confounders; (b) to determine 
whether the dose-response association is 
approximately linear or has upward cur-
vature; and (c) to estimate the dose-effect 
threshold level. The current study exam-
ines the incidence of clinically important 
cataracts in relation to lens doses between 
0 and approximately 3 Gy to address risks 
at relatively low brief radiation doses.

Materials and Methods

Materials
This study was approved by the Human 
Investigation Committee (institutional 

Advances in Knowledge

 n The study results provide evi-
dence that the risk for clinically 
important cataracts is seen at 
dose levels less than 1 Gy.

 n No significant dose-response non-
linearity was seen in the inci-
dence of cataract surgery after 
brief radiation exposures among 
atomic bomb survivors.

 n The best estimate of a threshold 
dose for clinically important cat-
aracts is approximately 0.5 Gy, 
with a 95% confidence interval of 
0.1 to 1 Gy.
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of 2031). The mean age at exposure 
was 20.4 years (range, 0–54 years). 
For both sexes, the mean age at cata-
ract extraction was 74.4 years, and the 
range was 49–95 years. For male indi-
viduals, the mean age was 73.8 years, 
and the age range was 51–95 years, 
and for female individuals, the mean 
age was 74.7 years, and the age range 
was 48–94 years. The mean lens dose 
across all study subjects was 0.50 Gy 
(range, 0.0–5.14 Gy).

Risk Factor Analysis for Potential 
Confounding Variables
Table 2 shows the distribution of cata-
ract risk factors and the Cox HRs for 
dose, the basic demographic adjust-
ment variables, and the most relevant 
covariates. The first column of HRs 
presents the single risk factor analysis 
results (ie, adjusting for the basic de-
mographic variables only), and the 
second column of HRs shows the HRs 
while simultaneously adjusting for all 
16 potential risk factors by using mul-
tivariate analysis. Significant risk vari-
ables in the multivariate analysis were 
diabetes mellitus, angina pectoris, no 
college education, and a high body 
mass index. Adjustment for all the co-
variates simultaneously had almost no 
effect on the radiation risk, indicating 
they were not material confounders. 
Specifically, the dose response for Cox 
regression analyses, including dose as a 
continuous variable and only the basic 
demographic variables (HR, 1.28; 95% 
CI: 1.19, 1.37), was nearly the same 
as when all 16 potential confounders 
also were included (HR, 1.26; 95% CI: 
1.17, 1.35), indicating the absence of 
confounding effects. Nevertheless, be-
cause diabetes mellitus was a strong 
risk factor for cataract, we included it 
in further Poisson regression analyses.

Radiation Risk Analysis
For the Poisson regression, the best sets 
of background rates (which included 
some interactions among city, sex, and 
age) and effect-modification terms were 
found. For the ERR models, the TSE 
model (deviance of 1835.5, 14 param-
eters, Akaike Information Criterion of 
1863.5) fit the data slightly better than 

during an individual’s follow-up if there 
was no surgery. Both ERR and EAR 
models were fitted, including city, sex, 
diabetes mellitus, age at exposure, and 
either attained age or time since expo-
sure (TSE) to model background risk 
and as potential radiation dose-effect 
modifiers. Because TSE is a more natu-
ral way of describing radiation risk than 
is attained age, unless the attained-age 
model fit the data appreciably better 
than the TSE model, the TSE model 
was chosen. In both the ERR and EAR 
models, the eye dose term was modeled 
both as linear and linear-quadratic to 
better assess low-dose risk levels. Fur-
ther details of the models are given in 
Appendix E1 (online).

For model selection, a 5% signifi-
cance criterion was used for inclusion 
of the optional variables (city, sex, 
diabetes mellitus, age at exposure, and 
attained age or TSE) in the model. Pos-
sible two-way interactions were consid-
ered for the background models, and 
interactions of single factors with dose 
were considered for effect-modification 
terms. The Akaike Information Cri-
terion (14) was used to compare the 
goodness of fit of nonnested models. 
Both the two-sided significance tests 
and 95% confidence interval (CI) were 
based on likelihood ratio tests applied 
to the profile likelihood (15).

The magnitude of the dose-re-
sponse threshold level was estimated 
on the basis of the optimal model from 
the radiation-risk analysis. Details of 
the methods are given in Appendix E1 
(online).

Results

There were 1028 persons with initial 
cataract surgery between 1986 and 
2005 among the 6066 study subjects 
who contributed 84 209 person-years. 
Table 1 shows the numbers of cataract 
surgery cases and person-years accord-
ing to eye radiation dose, sex, city, and 
age at exposure. The cumulative inci-
dence of cataract surgery was similar in 
the two cities, but the crude cumulative 
incidence of cataract was higher in fe-
male individuals (18.5%, 745 of 4035) 
than in male individuals (13.9%, 283 

the AHS clinic, or December 31, 2005, 
whichever occurred first.

Statistical Methods
The first phase of the analysis (E.N., 
31 years; R.E.S., 43 years) consisted of 
an examination of the 16 identified cat-
aract risk factors to determine which 
were potential confounder variables 
by using Cox regression (12). In this 
analysis, the continuous covariables, 
platelet count, lactic acid dehydroge-
nase level, uric acid level, and g-glutam-
yltransferase level, were categorized as 
quartiles, while systolic and diastolic 
blood pressure and cholesterol level 
were dichotomized. The basic variables 
for the risk factor analyses included the 
demographic variables of city, sex, age 
at exposure (,10, 10, 20, 30 years) 
and attained age, plus eye radiation 
dose (,0.005, 0.005, 0.4, 1.0, 2.0, 
3.0 Gy). Information on diabetes 
mellitus at study onset was used for 
the risk factor analyses. These were 
analyzed both as single variables and 
in a multivariate model adjusted simul-
taneously for all the other risk factors 
(Appendix E1 [online]).

In the radiation risk phase, excess 
incidence was modeled as both excess 
relative risk (ERR) at 1 Gy and excess 
absolute risk (EAR) expressed per 
10 000 persons per year at 1 Gy by us-
ing the Amfit program in the Epicure 
statistical package (13) to perform 
Poisson regression of grouped data. 
Poisson regression allows the risk to be 
partitioned into background risk, dose 
effects, and dose-effect modifiers. For 
the analysis, the person-year data were 
simultaneously stratified according to 
the following: city (Hiroshima or Naga-
saki), sex, diabetes mellitus (yes or no), 
age at exposure (0 to ,5, 5 to ,10, 10 
to ,15, …, 35 to ,40, 40 years), at-
tained age (,60, 60 to ,65, 65 to ,70, 
…, 85 to ,90, 90 years), calendar 
time (1986–1995 or 1996–2005) and 
eye radiation dose (0 to ,0.005, 0.005 
to ,0.03, 0.03 to ,0.1, 0.1 to ,0.2, 
0.2 to ,0.4, 0.4 to ,0.6, 0.6 to ,0.8, 
0.8 to ,1.0, 1.0 to ,2.0, 2.0 to ,3.0, 
3.0 Gy). Diabetes mellitus status was 
coded as positive for a diabetes diagno-
sis prior to lens surgery or at any time 
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the attained-age model (deviance of 
1840.2, 13 parameters, Akaike Infor-
mation Criterion of 1866.2), so the TSE 
model was used. However, for the EAR 
models, the attained-age model provided 
a better fit (Akaike Information Criterion 
of 1866.6 was smaller by 4.9) than the 
TSE model, so it was used. In the follow-
ing, risk estimates are presented for an 
attained age of 70 years after exposure 
at age 20 years, unless otherwise noted.

ERR models.—With the best back-
ground model, the simplest TSE ERR 
model with no dose-effect modifiers 
yielded a linear dose-response ERR es-
timate of 0.32 (95% CI: 0.20, 0.47) at 
1 Gy. When a quadratic dose-squared 
term was added to the model, its ef-
fect was positive, suggesting slight up-
ward curvature, but the improvement 
in fit was not significant (P = .34), so it 
was not pursued further. Evaluation of 
potential effect modifiers showed that 
city (P = .05), sex (P = .03), age at ex-
posure (P = .006), and TSE (P , .001), 
but not diabetes mellitus, modified the 
radiation effect, with Nagasaki, male 
sex, younger age at exposure, and 
shorter TSE having greater radiation 
ERRs.

With the effect modifiers of city, 
sex, age at exposure, and TSE, the 

Table 1

Person-Years, Crude Incidence Rates per 10 000 Person-Years, and Age at Exposure according to Parameters

Parameter Total Crude Incidence Rate Age 0 to ,10 y Age 10 to ,20 y Age 20 to ,30 y Age 30 y

Sex
 Male 28 097 (283) 101 6916 (22) 14 785 (139) 3441 (64) 2956 (58)
 F 56 112 (745) 133 9351 (44) 22 619 (273) 16 017 (286) 8125 (142)
City
 Hiroshima 53 724 (646) 120 9710 (43) 22 215 (239) 13 625 (220) 8174 (144)
 Nagasaki 30 485 (382) 125 6556 (23) 15 188 (173) 5833 (130) 2907 (56)
Dose (Gy)
 0 to ,0.005 35 821 (386) 108 6757 (23) 16 436 (147) 8028 (146) 4600 (70)
 0.005 to ,0.4 19 101 (234) 123 3230 (14) 7666 (79) 4896 (87) 3308 (54)
 0.4 to ,1.0 14 345 (182) 127 2536 (6) 6534 (78) 3536 (61) 1739 (37)
 1.0 to ,2.0 10 328 (148) 143 2347 (13) 4636 (70) 2148 (35) 1197 (30)
 2.0 to ,3.0 2764 (43) 156 845 (7) 1260 (17) 511 (12) 148 (7)
 3.0 1849 (35) 189 552 (3) 870 (21) 337 (9) 89 (2)
Overall 84 209 (1028) 122 16 266 (66) 37 404 (412) 19 458 (350) 11 081 (200)

Note.—Data are person-years, except where otherwise indicated. Numbers in parentheses are numbers of cataract surgery cases. Ages are ages at exposure.

Table 2

Cox Regression HR and 95% CI for Demographic Factors, Radiation Dose and Cataract 
Surgery Risk Factors

Covariate
CataractCases/Total  
Subjects

Analysis with  
Basic Covariates*

Analysis with  
Adjustment†

HR 95% CI HR 95% CI

City
 Hiroshima 646/3985 1 . . . 1 . . .
 Nagasaki 382/2081 1.15 1.01, 1.31 1.19 1.03, 1.36
Sex
 M 283/2031 1 . . . 1 . . .
 F 745/4035 1.07 0.93, 1.23 1.16 0.96, 1.41
Age at exposure (y)
 0 to ,10 66/967 1‡ . . . 1‡ . . .
 10 to ,20 412/2376 2.96 2.30, 3.87 2.68 2.08, 3.52
 20 to ,30 350/1459 5.59 4.31, 7.36 4.99 3.81, 6.63
 30 200/1264 8.42 6.37, 11.3 7.64 5.67, 10.4
Dosimetry system 2002  

 eye dose (Gy)
 0 to ,0.005 386/2530 1‡ . . . 1‡ . . .
 0.005 to ,0.4 234/1402 1.10 0.93, 1.30 1.10 0.93, 1.30
 0.4 to ,1.0 182/1027 1.17 0.98, 1.39 1.15 0.96, 1.37
 1.0 to ,2.0 148/750 1.40 1.16, 1.69 1.37 1.13, 1.65
 2.0 to ,3.0 43/212 1.91 1.37, 2.60 1.92 1.38, 2.60
 3.0 35/145 2.30 1.60, 3.20 2.19 1.52, 3.06
Education
 Junior high§ 434/2646 1 . . . 1 . . .
 High school 529/2854 1.08 0.95, 1.23 1.08 0.94, 1.23
 College 65/566 0.77 0.58, 0.99 0.76 0.57, 0.98

Table 2 (continues)
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Table 2 (continued)

Cox Regression HR and 95% CI for Demographic Factors, Radiation Dose and Cataract 
Surgery Risk Factors

Covariate
CataractCases/Total  
Subjects

Analysis with  
Basic Covariates*

Analysis with  
Adjustment†

HR 95% CI HR 95% CI

Smoking
 Never§ 686/3774 1 . . . 1 . . .
 Ex-smoker 173/956 1.23 1.01, 1.49 1.20 0.98, 1.45
 Current 169/1336 0.87 0.71, 1.06 0.87 0.71, 1.07
Body mass index (kg/m2)
 ,20§ 244/1624 1 . . . 1‡ . . .
 20 to ,25 554/3190 0.98 0.85, 1.15 0.92 0.79, 1.08
 25 to ,30 210/1123 1.01 0.84, 1.22 0.89 0.73, 1.09
 30 20/129 0.80 0.49, 1.24 0.63 0.38, 0.99
Diabetes mellitus
 No 891/5478 1 . . . 1 . . .
 Yes 137/588 1.81 1.51, 2.17 1.85 1.53, 2.22
Hypercholesterolemia 
 No§ 949/5713 1 . . . 1 . . .
 Yes 79/353 1.11 0.87, 1.38 1.07 0.84, 1.34
Hypertension
 No 572/3484 1 . . . 1 . . .
 Yes 456/2582 1.10 0.97, 1.25 1.05 0.90, 1.23
Angina pectoris
 No 960/5762 1 . . . 1 . . .
 Yes 68/304 1.29 1.00, 1.64 1.31 1.01, 1.66
Myocardial infarction
 No 1020/6002 1 . . . 1 . . .
 Yes 8/64 1.04 0.47, 1.95 0.87 0.40, 1.64

Oral or injected  
 corticosteroid use

 No§ 1003/5944 1 . . . 1 . . .
 Yes 25/122 1.08 0.70, 1.57 1.12 0.73, 1.63

Note.—Hypercholesterolemia was determined as a value of 220 mg/dL (5.7 mmol/L) or less. HR = hazard ratio.

* Analyses of the named variable with adjustment for the basic variables of city, sex, age at exposure, and radiation dose.
† Analyses included adjustment for the basic variables plus all 16 risk-factor variables (additional risk factors).
‡ P for trend was less than .05.
§ Included unknown or missing data (for ,10% of the total subjects).

ERR estimate was calculated as follows: 
0.77 · d  · exp(20.88 · c 20.89 ·  
s20.66 · e21.59 · TSE), where d is 
eye radiation dose, c is city, s is sex, 
and e is (years of age at exposure 2 
20)/10, and TSE is (years since expo-
sure 2 50)/10. With use of this model, 
the sex-averaged ERR for Hiroshima 
for a 70-year-old individual exposed at 
age 20 years (ie, 50 years after expo-
sure) was 0.32 (95% CI: 0.17, 0.52; P 
, .001) (Fig 1). The estimated number 
of excess cases caused by radiation 

was 109. Averaged across city, the es-
timated ERR was 0.49 for male indi-
viduals and 0.20 for female individuals. 
When averaged across city and sex, the 
estimated ERR was greater at youn-
ger ages at exposure; estimates for 50 
years after exposure were 0.61, 0.32, 
and 0.15 for exposure at ages 10, 20, 
and 30 years, respectively. The negative 
coefficient shown for the TSE modifier 
in the above equation indicates that the 
ERR diminished at longer times since 
radiation exposure.

EAR models.—With the best back-
ground model, the simplest EAR model 
with no dose-effect modifiers yielded 
a linear dose-response EAR estimate 
of 19.0 (95% CI: 11.7, 27.2) excess 
cases per 10 000 person-years at 1 Gy. 
When a quadratic term was added to 
the model, the effect was positive but 
the improvement in the fit was not sig-
nificant (P = .14). Evaluation of poten-
tial effect modifiers showed that city (P  
= .1), sex (P = .31), age at exposure (P 
= .31), and diabetes mellitus (P = .44) 
effects were not significant. Only a pos-
itive log attained age effect (P , .01) 
modified the radiation effect.

The final EAR model was as follows: 
33.2 · d · exp (3.76 · log age), where 
log age is log attained age. The EAR was 
33.2 (95% CI: 22.1, 45.2; P , .001) ex-
cess cases per 10 000 person-years at 1 
Gy, modeled at age 70 years after expo-
sure at age 20 years (Fig 2). On the ba-
sis of this model, the estimated number 
of excess cases caused by radiation 
was 117. The estimated EAR (averaged 
across city, sex, and age at exposure) in-
creased with attained age: The EAR was 
19 (95% CI: 12, 26) at age 60 years, 33 
(95% CI: 22, 45) at age 70 years, and 55 
(95% CI: 31, 83) at age 80 years, but it 
was not significantly affected by age at 
exposure (P = .31).

Threshold Level Search
With the best models shown above, we 
searched for a threshold dose effect by 
using a profile likelihood search. The 
threshold-dose point estimates were 
similar for the two models: 0.50 Gy 
(95% CI: 0.10 Gy, 0.95 Gy) for the ERR 
model and 0.45 Gy (95% CI: 0.10 Gy, 
1.05 Gy) for the EAR model.

Discussion

This study provides quantitative evi-
dence for risk of vision-impairing cata-
racts at lens doses less than 1 Gy. The 
dose response was nearly linear, im-
plying there may be risk at fairly low 
doses. The best estimate was a 0.32 
ERR at 1 Gy for a 70-year-old individ-
ual who received radiation exposure 
at age 20 years. The risk was highest 
for those who were young at exposure, 
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bias from differential care seeking is un-
likely because there were no economic 
incentives for some subgroups to get 
more health care than others, as health 
care is free for all study subjects. Com-
parisons of the risk factor findings with 
findings in other studies did not sug-
gest sample bias, as the relative risks 
for various cataract risk factors, such 
as age, diabetes mellitus, hypertension, 
and others, were well within the range 
of findings reported by researchers in 
other studies (9,10,34,35).

The study also had certain limita-
tions. We did not account for possible 
temporal changes in smoking habits, 
alcohol consumption, or obesity (body 
mass index) during the study period. 
Information on individual sunlight ex-
posure was not available, although it is 
known that the cohort contained few 
individuals who had marked occupa-
tional sunlight exposure, and there is 
no apparent reason why sunlight expo-
sure should be correlated with radia-
tion dose. We adjusted for city, because 
background cataract rates suggested 
intercity differences in ultraviolet expo-
sure levels (36). There may have been 
losses to follow-up or survival biases in 
the cohort before 1986 (which was 41 
years after the bombings). However, 
losses to follow-up (participant attrition) 

Figure 1

Figure 1: Radiation dose response for the relative risk of cataract surgery for 
20 years of age at exposure and attained age of 70 years and averaged across 
sex and city. The ERR per gray was 0.32 (95% CI: 0.17, 0.52) (P , .001). DS02 
= Dosimetry System 2002.

Figure 2

Figure 2: Dose response for the EAR per 10 000 persons per year modeled for 
20 years of age at exposure and attained age of 70 years and averaged across 
sex and city. The number of excess cases per 10 000 persons per year per gray 
was 33.2 (95% CI: 22.1, 45.2) (P , .001). DS02 = Dosimetry System 2002.

suggesting that children are especially 
sensitive to cataract induction by means 
of radiation. A formal dose–threshold 
level analysis provided a best estimate 
of a threshold level at about one-half of 
a gray but indicated that the threshold 
level may be as low as 0.1 Gy and is un-
likely to exceed 1.0 Gy. As such, these 
data strengthen the foundation for the 
more current International Committee 
on Radiological Protection guidelines in 
which the threshold level for absorbed 
dose to the lens has been appreciably 
reduced to 0.5 Gy (4).

A substantial number of screening 
studies (16–26), including several of 
medical radiation personnel (23–26), 
have reported that doses of low–linear 
energy transfer radiation less than 1 
Gy are associated with posterior sub-
capsular and cortical opacities, but 
they were primarily low-grade opac-
ities that have little effect on visual 
acuity. Further details are given in two 
reviews (27,28). Researchers in two 
previous studies (29,30) have report-
ed on clinically important cataracts, 
but one was based on alpha irradia-
tion with uncertain dosimetry, and the 
other did not show a significant associ-
ation but, because of the very low dose 
distribution, had limited statistical 
power (8).

We previously reported (31) on 
the prevalence of cataract surgery in 
a subset of the present study popula-
tion, but that study was much smaller 
and prevalence data have a greater po-
tential for bias than incidence data (eg, 
data reported by Gordis [32]). Thus, the 
present study provides more convincing 
evidence than that in previous studies of 
lens irradiation and vision-impairing cat-
aracts caused by radiation in the 0–1-Gy 
dose range (81.8% [4959 of 6066] re-
ceived doses less than 1 Gy), given that 
it reflects cataract-surgery incidence 
during a 20-year period in a large cohort 
of whom more than 1000 individuals un-
derwent cataract surgery. Past estimates 
of threshold doses have been based on 
prevalence analyses in A-bomb survi-
vors (22,31,33) and Chernobyl cleanup 
workers (18); all except one (33) sug-
gested a low-dose threshold level.

This study had a number of 
strengths. It characterized the radiation 
risk for cataract surgery incidence in a 
well-defined cohort with a wide range 
of reasonably accurate dose estimates 
and a high participation rate for up to 
60 years after the bombings. Those 
who performed the medical examina-
tions for confirmation of cataract were 
blinded to the radiation dose so as not 
to bias the assessment. Furthermore, 
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