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Abstract.

Purporz; Ophthalmolagic examinztions wete conducted en atomic bomb (A-homb) survivors 55 years after exposure.

AMateriolr and motheds: A-omb survivers who had been expossd before 13 years of age at the tme of the bombings in 1945 or who hagd
been examined in a previous study hetween 1970 and (990, The examinations, conducted between June 2000 and Septenber 2002,
included shit-lamp examinaton, digital photography and a cataract grading system for theee paris of the Jens (nucleus, cortex and posterior
subcapsule) as an outcome variable. Proportional odds logistic regression enalysis was conducted using the lowest grading dass as
reference and included cxplamatory variables such s age, ek, cty, dose and various camract-related risk factors. When the grades in an

individual dilfered, the worst grade was uscd.

Resuity: Results jndicate that odds ratos (ORs) at | Sv were 1-07 {95% confidence ntervals {CI) £.90, 1.27) in nuclear eolour, 1.12 (95%
€I 0.94, 130} in nuclear cataract, 1.29 (95% CI 1,12, 1.49) in cortical cataract and L.41 (353% CI 1.21, 1.64) in posterior subcapsular
camgact. The same was true after excluding 13 people whase posteror subcapsolar cataracls had been previously deteeted.
Conclusion: Significant radiation <ilects weee obscrved i twa types of cataracts in A-bomb survivers.

1. Imtroduction

The eye lens is in the anterior part of the eye in a
capsule consisting of non-nwcleated lens fibre cells
forming the lens nucleus and cortex (outer layer), and
one layer of nucleated epithelial cells covering the
surface of the lens (Masuda 1993). It is one of the most
radiosensitive organs in both humens and animals
because epithelial cells at the equator (located in the
rim portion of the lens) proliferate and continue
moving towards the centre of the lens for the entire
life of the organism. While moving toward the centre
of the lens, the epithelial cells arc stretched, squeezed
and lose nuclei, resulting in Sbre cells. The fibre cells
contain specific proteins called crystallins that keep
the lens transparent by chaperon activity, Cataract
pathogenesis, induced by z variety of insults such
as ultraviclet light, is impairment of epithelial cell
proliferation and/or oxidative degeneration of lens
fibre proteins, Impaired cpithehal cells let water and
minerals into the lens; healthy cells keep them out by
active mansport. Pathogenic changes of the lens are
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clinically observed as opacites (apaque change).
Visual acnity is uswally not impaired by the opacities
if they have nat advanced to the central part (visual
axis) of the lens.

Previous ophthalmological studies  conducted
among atomic (A) bomb servivers provide important
evidence of the stochastic effect of radiaton (Miller
ot ol 1969, Choshi e af 1983). Radiabon-induced
cataract devclops relatively early (6 months to 2 years)
among the late effects of radiation (Miller ¢ al. 1969,
Choshi ¢ ol 1983). Infants wha receive radiotherapy
(1-8 Gy) for haemangioma, however, develap poster-
ior subcapsular or cortical opacities in the unireated
eyes 3045 years later, and defective lens fibre
formation can continue, prabably becavse of a cane
of damaged germinal epithelial cells (Wilde and
Sjgstrand 1997). Children exposed to a lenticular
dose of 1Gy have 2 50% increased risk (OR 1.50;
95% confidence interval [CI] 1.10-2.05) of develop-
ing a posterior subcapsular opacity and a 33%
increased risk of developing a cortical opacity {OR
1.35; 55% CI 1.07-1.69) (Hall f ol 1989), indicating
carly onset cortical opacities.

The relationship between these gpes of lens
changes and radietion dose in A-bomb survivors
exposed in their youth was studied in the present
paper. To asscss precise radiation effects, two systems
were used. First, to grade different degrees of
apacities {opaqueness) in nuclear (central part of t'hc
lens), cortcal (outer layer of the lens) and pesterior
subcapsular cateracts (rear portion of the lens and
enderneath the lens capsule), the Lens Opacity
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Classification System {LOCS) I was used, in which
stanF{a:d pictures of nuclear (opalescence and colour],
cortical (five standards) and subcapsular cataracts
(four standards) were employed. The systern shows
good inter- and intra-abserver reproducibility (Chylack
e al. 1988). LOCS IT enabled assessment of quanti-
tative lens changes not previowsly studied in A-bomb
swvivors. Second, to assess the effect of various
cataract risk factors on radiation-induced catarace, 17
¢phthalmological findings, 23 host and environmmental
fa.c:ofs-, 15 laboratory tests for potentially relevant
csmdmcns, ie.  diabetes meilitus, cardiovascular
discase, cbesity (Klein ef af 1998, Humik e af, 1999,
Lesie ¢ . 1999), steroid medications {Cumnming and
Mitchell 1998), uliraviolet light exposure (Katoh ¢f of
}99?, Gruickshanks 1998, Hayashi o ol 1998),
inflarrmation (Schawmberg ef al, 1999), caleium
level (Srivastava and Srivastava 1989), and smoking
(Hiller ¢ al, 1997) were tested. We then scarched for
intermediate risk factors’, to which radiation causes
same alteralions that in ten cause lens opacilies.

2. Materials and methods
2.1, Subjects

Subjects were part of the Adult Health Study
(AFIS) conducted in Hiroshima and Nagasaki wheo
have undergone biennial examinations since [958,
Twao _groups, those uwndergoing ophthalmological
examinitions in the previous study (1878-80) and
who satisfied the study requirements, as well as those
wha were less than 13 years ofd at the time of the
bombings were eligible for study. Among the 2042
people who underwent ophthalmological examination
in the previous studies, 1284 were alive at September
1999. Among those who were 13 years old or less
at the tme of the hombings, 2774 werc alive a:
Septeraber 1998, OF those, 913 agreed to participate
i:} the study initially and agein at the time of their
visits, All were given a full explanation of the proce-
dures and the possible adverse offecis of the mydri-
alics (0.5% wopicamide and 0.5% phenylephrine
hydrochloride) that would be administered. The
Human Investigation Committes at die Radiation
Effects Research Institute (RERF) approved the study
pratocol,

2.2, Study methads

2.2.1. Oplchalmolopic  evaminations. Ophithalmclogical
examinations were conducted one or two mernings 2
week at the RERF during the study period, by
ophthalmologists fram Hiroshima or Nagasaki univer-
sities. Gomprehensive examinations for the function

and structure of the &ye, including visual acuity, intra-
ocular pressure, reffaction, and pictures of various
parts of the aye with ophthalmological apparatuses,
were conducted. For those with signs of serious dis-
ease, care{ul medical procedures were taken.

Specifically, the following nine ophthalmological
examinations were conducted: (1) questionnaire; {2)
objective refractory examination with an autorefracta-
rmeter (RM-8000, Tokyo, Japan); (3) carrected vinuzl
acuity test with a 5-mere acuity chart; (#) intra-ocnlar
pressure measurement with an applanation tone
ometer; (5) anterior chamber cxamination with a
sliclamp biomicroscope [chamber angle with goRio-
scopy, if necessary); (6) lens examination with a
stitdamp  biomicroscope; {7) lens photographs; (8
posterior  retina  examination with an  indirect
ophthalmoscope and a slitlamp biomicroscape; and
(9) retra-illumination examination of the lens with a
fundus camera and a slit-lamp biomicroscepe. Exam-
inations 1-5 were conducted au ail participants.
When 2 narrow anterior chamber angle was detected,
2 forther cxamination under mydriasis was not per-
formed. When a normal anterior ghamber angle was
detected, mydriatics were instilled, we waited for
30min and then conducted examinations 6-9. After
examination, a mietic (1% pilocarpine hydrochloride)
was instilled. Digital images of the lens were stored in
a computer (ImageNet™, Topcon).

2.2.2. LOGS I classification, Ophthalmologists made
diagnoses using lens plotographs and coded them
according to LOCS I, in which standard pictures
of nuclear (opalescence and colouy), cortical {five
standards) and subcapsuiar cataracts {four standards)
were used. The classification system provides gond
inter- and intca-observer repraducibility (Chylack
et of 1989), Diagnostic standardizalion was con-
ductett every 6 months, and agreement among the
ophthalmologists in Hiroshima and Nagasaki was
consistently over 80%.

2.2.3. Medieal questionnaire and clinical leboratory tests.
Information about ocular diseases, eye surgery, past
and present systemic diseases that might have
induced lens opacitics, duration of exposure tw
ultraviolet light during outdoor work and leisure
activities, and radio- and/ar chemotherapy history
were obtained by interview. Clinical laboratory tests
related o cataract development amang the AHS
exariinations, such as white bload cell count, erythro-
oyte sedimentation rate, alpha | globulin, alpha 2
globulin, calcium, phosphorus, ghicoss, and haemo-
globin A1C (HbAIC) were incorporated into the
analysis.

Cataract in A-bomh survivers

2.3. Siatistical methods

Findings from the worse eye were used to produce
a univariate outcome from bivariate outcoraes of the
right and left eyes. In the current study, ouicomes
were binary or ordered polytomous. To estimate
outcormne prevalences, we applied a logistic regression
madel to the binary outcome the proportional odds
regression model Lo ardered polytomous data which is
a standard model for ordered polytomous data Jike
ophthalmelogical changes, The fitted model was as
{ollows:

log [1 E } =04+ 10+ foS+ Bp(ageATD —5) /10 + fpld,

¥

where ¥ =Pr(Y2;) for j=1, .., Rand Yis an (R +
1}-ordered polytomaous outcome that takes a value in
{0, %, ..., B}, 0/s are cut points, C'is the city :md.fcator
(0=Hiroshima, |=Nagasald), § is 2 sex indicator
(0=male, 1 =femalc) and 1 is DSB6 eye dose (Sv1. for
thost older than 0 years at the time of the bombings
and DS 86 mother’s uterus dose for those in
gestation, with relative biological effects (RBE} for a
neutron being 10. Age ATB is age at the fime of
bommbings. Gamma and neutron eye doses wers
wuncated at ¢Gy in a wial Kerma dose. The
meaning of 5 in the proportional odds model above
is the log OR per Sv in the logistic model for new
binary ourcomes produced fom the ordered poly-
tomous data in the way that the new binary response
is | for ¥2j and 0 for Y<j using cut-oif category
level f. When slopes are defined in this way, the slope
parameter fip is generally dependent on the cut-off
category level. However, the proportional odds model
assumes the /s w be common, and the common
parameter is estimated by an itcrative multvariate
least-squares rmethod (McCullagh and Nelder 1988).
Trflarnmationrelated variables (white blood cell
count, alpha 1 globulins, alpha 2 globulins, and
erythrocyte sedimentation ratf:) were summan?cd_ by
principal cornpounent analysis. The first Prmc:pa.l
cormponent score (size factor) that was adjusted to
the variance equal to ] was used for 2n explanatory
variable in the regression analysis for postarior
subcapsular opacity in the Resulis, All computations
were done with a STATA B.0 statistical package.

3. Results

The study was conducted between June 2000 and
September 200%. Totel examinees numbered 913
(table 1). A sliclamp cxaminatic_m was not conduct
on 30 people because of contraindication or refasal,
Among the §83 people examined, six had undergenc
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Tablel. Profic of examinees in dhe aphthalmelagical study of
A-homb survivors duzing 2000-02.

Al examinees a3
No slitlamp examination 30
Instilladon refisat 25
Cenirindication 4
Slit-lamp examination B84
Postoperative state E
Tose unlmown 5
Single aye, right »
Single eye, lelt 057

Both cyes

Values ave numbers (1),

surgery in both lenses and four had received
unknown radiation doses, Therefors, 878 people
were included in the amalysis. Among them, a lens
was present in only the right eye in 15 people, n m’\ly
the lefi in 21, and in both in 827, Among those wilh
Yenses in both eyes, the worse finding was used for
analysis. The distribution of examinees by A-bomb
radinon dose and =age =t exposure 1S slm\fm in
table 2. OF the 873 subjects, 533 were in 'I:Ii.ms]nma. at
the time of the bombings and 340 were in Nagasali.
Age at the tme of the bombings ranged o —0.8 to
47.9 yzars (mean B.8 years), Age at the ime of the
examination. ranged from 54.3 to 94.4 years (mean
64.8 years). ‘The subjects comprised 344 men anfi 529
women. The participation raflc st:;trf{td ‘ag‘ radiation
ups did not vary with radiation dese.-
do?;a%tig 3pshows the distribution of cuses by LOGS 1L
classification. Regression analysis with the propor-
tional odds medel which used the lowest group a1 2
reference revealed that ORs at I Sv wereul‘O':' {95%
CI 0,90, 1.27) in nuclear colour, 1.12 (85% CI 0.04,
1.30) in nuclear opacities, 1.29 (85% Ci 1.12, 1.49) in
cortical opacities, and 1.41 (95% CI 1.21, 1.64) in
posterior subcapsular opacities {table 4 and figure ).
"The same was (ruc after removing 13 people whe had

Tahle?. Age of subjects se the tme of the bombings, and
radiation dose.

Age [years)

Doase {S¥) In uero 0-i3 >13 Total
<0.005 & 233 131 Tgé
0005 to<0.5 50 129 ;é =
05 <l 4 59 P 29
10 o<t : :4;—2 e -
20

Total 143 01 228 B73

Partidpation rate statified by radiation dose groups did not
vary with radiation dese.
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Tabled. Distribntion of cases by Lens Opacity Classification

System (LOCS) II grade (n1=873).

LOGCS 1 grade

01 2 3 4 56

Nuclear colour 528 297 43
Nucl_car up:\cgty 322 H) gs 21 4
Cortical opacity 111 289 153 164 110 43 3

Posterior subcapsular opacity 631 178 40 |p 5

. The LOCS IT grades different degiecs of opacites (opagueness)
in nuclear feentral part of die lens), <ortical fouter layer of the
lens) 2nd posterior subcapsular cataracts (rear portion of thie lens
and underneath the lens capsule) by using standard pietures,

posterior subrapsular opacities during the previous
study. After adjusting for city, sex, age at the trne of
the bombings and smoking, significant dose-effects
were found for diabetic retinopathy, retinal arteriolo-
sclerosis and retinal degeneration, ORs being 1.71
{95% CI 1.95, 3.33), 1.58 (95% CI 1.26, 197), and
1.42 (95% CI 1.07, 1.86), respectively (tabie 4). The
prevalence of cortical opacites was significantly
higher in women, the elderly and Nagasaki residents

than in men, the young aud Hiroshima residents.
Posterior subrapsular opacities were  significandy
more prevalent in the elderly than in the young
but were not associated with city or sex (table 5).
Cortical and posterior subcapsular opacities were
significantly correlated  each  other (r==0.333,
H<0.001).

Among the 23 questionnaire items and L5
laboratory findings that are reportedly risk factors
for lens opacities, significant association with radia-
tion dese was found for smoking, white bload cell
count, alpha 1 globulin, alpha 2 globulin, erythrocyte
sedimentation rate, calcium, glucose and IDbALQ,
Among the above radiation-associated factors, factors
in turn associated with lens opacities or intermediate
risk factors were further tested and significant
association with postecior subcapsular opacities was
found in white blood cell counts, serurn calciumn levels
and HbAIC, and suggcstive association with cortical
apacities was found in retinal actericlosclerosks and
alphz 1 glebulin, Only smoking was a potential
cordounding fastor, but it was nat significant risk
factor. Regression analysis with the proportienal odds
model thar included those intermediate risk factors

Table4.  Odds ratios of opluhaimologizal findings at | $v adjusting for city, sex, age at the time of the bambings and smoking.

Tiemn Qdds rado 85% Confidence interval
Lens Opacity Classification Symem 1I:

Nuclear colour 1.07 0.90, 1.27
Nucl_czr opacit.y 1.12 0,94, 1.30
Cortical opacity 1.29 112, 149
Posterior subcapsular opacity L.41 1.21, 1.64¢
Other apbthalmalogical findings:

Visual acuity (log MAR) 0.005% ~0.005, 0.017
Intra-ocular pressure (mmkg) 0.08B* ~0,127, 0.303
Abmormality in eyelid (n==38) L0} 0.66, 1.53
Conjunstiva {n=:16) 0.91 .53, 1.5%
Refretion {diopter) {axis} —tAl7* —4.602, 1.767
Abnarmality in cornea fn=11) 1.24 - 039, 1.55
Abnommality i anterior chamber {n=141) 1.2¢ 0,92, 1.68
Abnezmality in iris {r= 24) 1.09 072, 1.64
Abnormalsty in pupil (n:=28) L1 0.25, 1.65
Abnormality in light reflex direct (n=12) 0.29 0.05, 1.70
Abnormality in light reflex indirect (n= 10} 0.89 ’ 0.40, 2.01
Abnormality in macnla [u=92) 1.06 0.83, 1.35
Paplla atrophy (r=>51) 1.18 0.89, 1.58
Diabetic retinopathy {r=20) 1.7l 1.26, 2.33
Retinal arteriolosclerosis (1= 4} 1.58 1.26, 1.97
{r=69)°® 1.48 115, 1L.94 |
Retinal degeneration {n=55) 1.42 ’ 1.07, 1.88
(n= 41 .42 1.00, 2.02
Retinal atrophy (n=27) 1.26 0.90, L.77
(= 22wt 1.48 1.04, Z.14

*Guoefficient for contnuous varisbles.
*Diabetic retinopathy excluded.
***Diabede retinopathy and arteriolosclerosis excluded.

Odds ratio

Odds ratlo

Odds ratin

Qdds ralle

(a} Nuclear Color
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64
&4
ORISw=1.07 {95%CI1:0.90, 1.27)
44
34
| !
14
0 T T v
o 2 4
Eye dese {Sv)
- (&} Nuclear Qpacilies
5 OR/Sv=1,12 (95%CI: 0.94, 1.30)
4
!
24
14
o T T T
] 2 4
Eye dose (Sv)
Be (c) Cortical Opacilles
o OR/Sv=1,29 (95%CH 1.12, 1.49)
4]
3]
2 5
14 .
o T ¥ T
0 2 4
Eye dose {Sv)
6 {d) Pesterier Subcapsular Opacliies
QR/Sv=1.41 {85%Ck 1.21, 1.54)
54
4
ad
24
1
0 T

.

4
Eye dose {Sv)

&

and smoking, and used the lowest group as a
reference revealed that ORs at | Sv in cortical and
posterior subcapsular opacities weve 1,34 {05% CI
1.16-1.52) and 1.36 (95% CI 1.17-1.58), respectively.
The differences of ORs at 1 Sv with and without
adjustment of the intermediate risk factors were 17 %
in cortical opacities and 12 % In posterior sub-
capsular opacities.

4. Discussion

The study revealed that 57 years afler radiation
exposare, the prevalence of cortical 'and posterior
subcapsular apacities among A-bomb survivors showed
a stafistically significant correlation with radiztion
dose after adjusting for city, sex, age at the dme of the
bombings and smoking. The same was true afler
excluding the 15 subjects with posterior subcapsular
opacities at the previous study (1978-80). The results
were consistent with previous reports (Wilde and
Sigsarand 1997) of cortical opacities and demon-
strated late onset posterior subcapsular opacities in
A-bomb survivors. The ORs of 1.29 in cortical
opacity and 1.4l ir posterior subcapsular opacity
were similar te the 1.35 and 1.50, respecively,
repocted by Hall (1999). In addition, by introducing
the LOCS I systern into the present study, inter-
observer variation in posterior subcapsuiar opacitics
was overcoime, but not in corticel epacities, as shown
by city differcnce (tableS). The dose—responsc in
cortical opacities, however, was not aflected by
interabserver varation. The study suggests that the
two opacities of cortical and posterior subcapsular
regions were significantly associated with each ather
(r=10.333, p<0.001), indicating common biclogical
interactions far the two opacities.

The participation ratc was low because only a
fimited number of ophthalmological examinations
were offered cach week. However, since the exam-
inadons were conducted blindly and showed no
variztion in partcipation rate with radiztion dose, the
low sampling rate was unlikely to have caused a bias
in the dose—cifect besides the low power for detection
of radiation eflects.

As for significant correlations with radiztion dosc
in diabetic retinopathy, rednal arteriolosclercsis and
retinal degeneration, the findings agree with evidence

Figure |, Odds ratios (OR) of the prevalence for nuckear colour
{), nuclear opacitics (b), cortical opacities () and posterior
subrapsular opasitics {4 at 1 Sv (DS0) in 873 A-bomb
swrvivors during 2000-02 using 2 propordonal odds
regressian model with ‘mo opacity’ as the relerence of
the LOGS 1 and zdjusting for dty, sex and age st the
tme of the bombings.
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Tables,  Odds vaties ol city, sox, age the at Gme of bombings and radiadon dose in the prevalnce of eorgcal and posterior subcapsular

opacities.
Varable Odds ratio 95% Coufidence interval
Costical apacity:
City {Magasaki/Hiroshima)

2.51

Sex {lemales/males) 182 5]!;2; gﬁg
ﬁgc.a.t the ime of bombings (/10 years) 3.70 SIOEIl 4'14
Radiation dose (5v) 129 142, L9
Pr:nstcr'mr subcapsalar opacity;
City (Nagasali/Hiroshimz) 0.52 0.67, 1.2%
Sext ferales/males) L1 0,86, LGt
Age at the tme of bombings (/10 years) 210 L71, 258
Radiation dose (3v) 1.4} L21, L6t

previously observed in A-bomb survivors, such as
increases of prevalence of diahetes mellirs (Hayashi
ot al 2003) and findings of fundus photos {unpub-
lished data), although the mechanismis) is not dear,
As a possible mechanism, since inflammation has
heen persistently observed in Abomb survivors
(Neriishi 2t ol 2001) and since inflammation has
been proposed as a risk factor of diabetes melits
{Pradhan et al 2001} and/or arteriosclerosis Ross
1999), the present paper is analysing the effect of
inflammation on the above findings.

We scarched for ‘intermediate risk factors’ o
which radiation causes some alterations, that in turn
causs lens opacities and it was found thac ticy
comprised retinal arteriolosclerosis and alpha 1
globulin for cortical opacities, and white bload cell
count, calcium, and haemoglobin AIG values for
posterior  subcapsular opacities. Inchusion of the
significant intcrmediate osk facrors into the analysis
changed the ORs of cortical and postetior swbcap-
sular opacities to 1.3¢ (17% change) and {.35 (12%
change}, respectively. However, it did not affect the
statistical significances of the dose-response relation-
ship in either cortical or posterier subcapsular
opacities. When inflammatory tests were combined
as a primary component and adjusted for, the dose
coefficient change was as large as 20% (data not
shown). Since elevated levels of inflammation and
serm caleivim have been significanty associated with
A-bomb radiation (Fujiwara e al. 1992, Neriishi # of.
2001), elevaied levels of inflammatisn and calcium
cou%d have played important roles a5 micro-
environmental factors in the development of radiabon
cafaracts. One cannot yet draw conclusions, however,
because the study did not show impairment of the
blood aqueous barrier, which hlocks the influx of
blood compenents into the anterior chamber. To
demonstrate that wonld require further studies,
including animal experiments.

There might be other, as yet unknown, mechan-
isms of lens changes caused by A-bomb exposure,
such as 2 radiation-induced decrease in lens epithelizl
stem cells. Tt s also plausible, since inflammation in
A-bomb survivors 15 siguificantly and negatively
associated with CD4 Tecell levels (Neriishi and
Nakashima 1999, Hayashi ¢ o 2003} that radiation
has as indirect cffect via immune impairment
(Kusunoki e of 2002). Teking inte account the
presence of auto-antibodies fn those with eataract
(Patel ot ol 1[990, Nayak o o, 2002}, it would
bz Intrigying te investigate lens auto-antibodies in
A-bamb survivors.

In conclusion, the present study showed a signif
icant correlation betwezn A-bomb radiation dose and
cortical and posterior subcapsular ppacities. It also
suggested indirect effects of elevated levels of inflam-
mation and serorn calclum in the dose-response of

.posterior subcapsular opacities.
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