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The lens of the eye is recognized as one of the most
radiosensitive tissues in the human body, and it is known that
cataracts can be induced by acute doses of less than 2 Gy of low-
LET ionizing radiation and less than 5 Gy of protracted
radiation. Although much work has been carried out in this
area, the exact mechanisms of radiation cataractogenesis are
still not fully understood. In particular, the question of the
threshold dose for cataract development is not resolved.
Cataracts have been classified as a deterministic effect of
radiation exposure with a threshold of approximately 2 Gy.
Here we review the combined results of recent mechanistic and
human studies regarding induction of cataracts by ionizing
radiation. These studies indicate that the threshold for cataract
development is certainly less than was previously estimated, of
the order of 0.5 Gy, or that radiation cataractogenesis may in
fact be more accurately described by a linear, no-threshold
model. © 2009 by Radiation Research Society

INTRODUCTION

Cataracts (the opacification of the ocular lens) are the
most frequent cause of blindness worldwide (/). Besides
genetically controlled, congenital cataracts, the prevalence
of cataracts increases with age; there are several additional
risk factors, including exposure to sunlight, alcohol and
nicotine consumption, diabetes and systemic use of
corticosteroids (2-5). The etiology of cataracts is not fully
understood but most likely is multifactorial. Based upon
the clinical appearance, three main types can be defined:
nuclear, cortical and posterior-subcapsular cataracts (5,
6). It is well established that exposure to ionizing radiation

I Address for correspondence: Health Protection Agency, Radia-
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Environmental Hazards, Chilton, Didcot, Oxfordshire OX11 ORQ,
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leads to the formation of cataracts (7). It is generally
accepted that radiation damages the dividing cells; the
differentiation and migration of the damaged cells to the
posterior pole then leads to opacities (8). The latent period
and the severity of the effects are dependent on age and
gender and, with regard to induction by ionizing
radiation, are dependent on dose, dose rate and fraction-
ation. After radiation exposure, changes are known to
take many years to manifest as visible cataracts (9).
Moreover, not all changes become clinically relevant. The
recent literature suggests that time required for radiation-
induced cataract development is approximately inversely
proportional to the radiation dose, although it is not
always clear whether this reflects improved ability to
detect increased risks at higher doses rather than a true
difference in the minimum latent period. However, the
latent period is also dependent on division and migration
rates for epithelial cells. The estimated minimum doses of
radiation that are required to cause cataracts vary with
study design and methodology. lonizing radiation is
generally (but not exclusively) associated with cortical
and posterior subcapsular opacities, with the latter being
particularly dependent on dose* (10, 11). However, it
should be noted that, although cortical and posterior
cataracts are less common than nuclear cataract, these
types of cataracts are also known to occur after treatment
with steroids (/2), and they are observed in the general
population (13).

The results of several longitudinal studies have led to
the conclusion that radiation-induced cataracts are a
deterministic, late effect (/4). In 1996, the UK National
Radiological Protection Board (NRPB) published a
document regarding the risk from deterministic effects
of ionizing radiation in general. Based on the work of
Merriam and colleagues in the 1950s (15), the minimum

2 N. J. Kleiman, L. B. Smilenov, D. J. Brenner and E. J. Hall, Low
dose radiation cataract. Presented at the DOE/BER Low Dose
Radiation Research Investigators Workshop VII, Washington, DC,
January 21, 2008.
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dose to produce opacities was estimated to be of the
order of 1.3 Gy for acute exposures. Although the
document included advice on cataract induction, it was
aimed at detailing severe deterministic effects for the
purposes of evaluating the consequences of radiation
accidents. As such, the document contained a warning
that any numbers quoted were given for guidance only
(16). Similarly, the German Radiation Protection Board
(SSK) published a document in 2007 that ranked the
tolerance dose for radiation cataracts in the range of
2 Gy but again indicated that this value might be
overestimated (/7). The International Commission on
Radiological Protection (ICRP) has also classified
cataracts as a deterministic effect, with a threshold of
2 Gy for acute radiation exposure, 4 Gy for fractionated
doses, and even higher for long-term exposures (/8, 19).

However, in recent years, a number of studies have
been published that contain evidence that conflicts with
the current advice, particularly regarding the tolerance
doses and the stated deterministic nature of cataracts. It
has been suggested by a number of authors that there
was previously too little data regarding cataract
development at low doses to form complete judgments
(20), and that, given the recognized length of the latent
period for cataract development, early epidemiological
studies were carried out too soon after irradiation for
any low-dose effect to be detected.? In its most recent
recommendations, ICRP (/9) noted that the lens of the
eye may be more radiosensitive than previously thought
and that revised judgments may be required. In this
paper, we review a number of predominantly recent
studies of radiation cataractogenesis that are relevant to
this issue and consider their implications.

RECENT PUBLICATIONS
Mechanistic Studies

In 2006, Malmstrom and Kroger demonstrated that
laboratory rodents and primates have similar anatom-
ical characteristics of the eye and thus many of the
mechanistic models for cataract development are based
on experimental animal studies (27). Most of the more
recent mechanistic studies have focused on the genetic
basis of cataract development. The ATM, RADY and
BRCAI genes are known to be critical to pathways
controlling DNA damage response signaling, repair or
apoptosis. There is evidence that those with heterozy-
gous mutations of these genes are at increased risk of
certain health effects; for instance, they have elevated
tissue responses to ionizing radiation and are more
susceptible to cancers. Heterozygosity of the 4ATM gene,
for example, is estimated to occur in 0.5-1% of the
Western population (22).

In 2002, Worgul et al. investigated the sensitivity of
Atm-deficient mice exposed to 0.5 to 4 Gy of X rays

(23). Cataract development was strongly dependent on
radiation dose. Opacities were observed earliest in Atm
homozygotes, but cataracts also developed earlier in
heterozygotes compared to wild-type mice for all doses.
The severity and latent period were directly related to
the number of genomically damaged cells attempting
differentiation. Because Atm is involved in cell cycle
control and pathways to apoptosis, this would indicate
that cataracts may be due to defective control of these
pathways in response to DNA damage. These results
indicate genetic predisposition to cataract development
for Atm heterozygotes.

Kleiman et al. investigated the impact on cataractogen-
esis of heterozygosity of the mouse Rad9 and Atm genes
(24). The right eyes of mice were exposed to 0.5 Gy of X
rays. Posterior subcapsular opacities were found to
develop earlier in X-irradiated double heterozygotes
(Atm*"~/Rad9*'") than either of the single heterozygotes,
which again developed earlier than in wild-type mice.
Interestingly, this trend was mirrored in the unirradiated
eyes. Smilenov er al investigated individual genetic
susceptibility of cataracts in mice heterozygous for the
Atm, Brcal and Rad9 genes.* Exposure to 0.5 Gy of
250 kVp X rays led to elevated cataract development in
double-heterozygote combinations, and cataracts ap-
peared earlier in double heterozygotes. Heterozygosity
of the Atm and Brcal genes resulted in increased resistance
to apoptosis and heterozygosity of the Afm and Rad9
genes led to increased resistance to apoptosis and
sensitivity to radiation. The above results indicate that
the stress response, DNA repair pathways and radiation
sensitivity are dependent on genotype and give strong
support to a genetic component contributing to cataract
development. Furthermore, the above results can all be
interpreted to suggest that a stochastic mechanism
contributes to cataract development.

Radiation exposures are known to be much higher in
space than on the ground, due to the increased
complexity of the radiation environment. Worgul et al.
showed that Azm heterozygous mice are also more
sensitive to heavy-ion exposure (25). Mice were exposed
to 325 mGy of 1 GeV/nucleon *Fe ions. After 35 weeks,
40% of the heterozygotes had developed stage 3
cataracts compared to 5% of wild-type mice. In 2008,
Kleiman et al. reported that as well as 325 mGy *°Fe
ions, exposures as low as 100 mGy X rays led to a
statistically significant increase in cataract development
in rodents.?

With regard to time scale, Wolf et al. recently reported
that for mice exposed to 11 Gy X rays to the head,
cataracts initially developed over a delayed period, 5-11
months, but then matured within a very short time scale,

3 L. B. Smilenov, N. J. Kleiman, H. B. Lieberman, G. Zhou and
E. J. Hall, Individual genetic susceptibility. Presented at the DOE/BER
Low Dose Radiation Research Investigators Workshop VII, Wash-
ington, DC, January 21, 2008.
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of the order of 30 days (28). Descendents of the damaged
(and superficially repaired) lens epithelial cells were
found to differentiate and migrate abnormally. It was
postulated that this resulted in critical uptake of
environmental oxygen to the lens. This leads to a
buildup of reactive oxygen species, overwhelming the
resident antioxidant protection and causing the coagu-
lation of lens proteins, and thus cataract formation. The
findings of this study suggest that irradiation of the lens
leads to premature development of cataracts that would
otherwise be seen in old age.

Human Studies

In recent years, it has been suggested that the minimum
dose required for cataract formation could be much less
than the 1.3- or 2-Gy thresholds given by NRPB (/6), SSK
(17) and ICRP (I8, 19). The data used to make the
previous estimates were principally from the Hiroshima
and Nagasaki atomic bomb survivors, highly exposed
workers, and radiotherapy patients. Difficulties in dose
estimation in these cases have been attributed to inade-
quate data (20). Subsequently, more accurate estimations
of dose have been carried out. A number of reanalyses
dealing with this point are detailed in this review.

Figure 1 gives the Odds Ratio (OR) or Relative Risk
(RR) estimated at 1 Gy or 1 Sv for each of seven recent
studies investigating longitudinal risk of cataract devel-
opment for three exposure groups: those undergoing
diagnostic radiography or radiation therapy in a clinical
setting, the Chernobyl liquidators and the atomic bomb
survivors, and occupational exposures. Additionally,
two studies are included in Fig. 1 for which odds ratios
or relative risks were calculated based on comparisons of
exposed and unexposed groups [Chodick et al. (11) and
Rafnsson et al (38)], rather than specifically at 1 Gy or
1 Sv. These two studies were included to allow
comparisons between the calculated risks for the large
atomic bomb survivor data set and exposure due to
clinical X rays (//) and for pilots (38), for which there
are few data. The studies included in Fig. 1 are discussed
individually below. Table 1 gives further details of these
studies, including the cataract type, -classification
scheme, and details of the study subjects.

1. Clinical exposure

In 1999, Hall et al looked at the prevalence of
lenticular opacities in individuals in Sweden exposed to
ionizing radiation in childhood as treatment for skin
hemangioma and examined correlations with dose and
other factors (27). A total of 484 exposed subjects and 89
controls, all aged 36-54 when the survey took place,
were included in the study. Radiation doses were
estimated using individual treatment records and mea-
surements in a phantom (28). There was an increased
prevalence of lens opacities in subjects who had
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FIG. 1. Odds ratio or relative risk for cataract development at
1 Gy or 1 Sv or for comparisons of exposed and unexposed groups
(see text for details), by study, cataract type and exposure group.

undergone radiotherapy as children: 37% compared to
20% of controls; this result was statistically significant
(P << 0.001). For posterior and subcapsular cataracts,
10% of the 178 control lenses showed cataracts. There
were 748 lenses with exposures <0.5 Gy; 12% of these
lenses had cataracts. The numbers in exposure categories
0.5 to 1 Gy and >1 Gy were 17% of the 115 exposed
and 22% of the 89 exposed, respectively. Of these, only
the number of cataracts for the category >1 Gy was
statistically significantly different from the control value
(¢t test P = 0.025). No distinction was made between
types of radiation exposure, and no details of fraction-
ation schedule were available. There was some indica-
tion of a combination of age-at-exposure and dose
effects. When corrected for age at examination, the OR
for 1 Gy was calculated as 1.50 [95% confidence interval
(CI): 1.15 to 1.95]* for posterior cortical cataracts and
1.49 (1.07 to 2.08) for subcapsular cataracts.

Within a separate group of skin hemangioma patients
in Sweden, Wilde and Sjostrand investigated the
occurrence of posterior subcapsular and cortical cata-
racts in response to irradiation of the lens (9). The
cohort consisted of 20 adults who were treated as infants
(mean age 6 months) for skin hemangioma in the eyelid
or surrounding tissue with *Ra. Times since irradiation
were between 30 and 45 years. The authors found a
higher than expected sensitivity of untreated lenses, with
subcapsular opacities observed for estimated doses in
the region of 0.1 Gy.

Several studies have looked at cataracts in relation to
diagnostic radiation exposures. Most recently, Chodick
et al. explored the risk of cataracts from personal
diagnostic radiation for a group of U.S. Radiation
Technologists (/7). A cohort of 35,705 people was
followed over an average of 19.2 years. The risk of
cataract was found to increase by 15% per year. There

4 Henceforth 95% confidence intervals are given in parentheses
after the OR/RR.
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TABLE 1
Individual Study Details for the Eight Studies that Estimated Odds Ratios or Relative Risks for Cataract
Development at 1 Gy or 1 Sv, or Comparisons of Exposed and Unexposed Groups

Study details

Paper Cataract type Classification scheme Exposure type

Hall et al., 1999 (27) Cortical LOCS Clinical; mean lens dose 0.4 Gy, range 0 to 8.4 Gy
Subcapsular

Chodick et al., 2008 (11) All Self reported Clinical; =3 Gy X rays

Occupational; 0 to ~60 mGy

Minamoto et al., 2004 (32) Cortical LOCS Atomic bomb survivors; DS86 dose estimates: 0 to
Subcapsular 2 Gy

Yamada et al., 2004 (33) Non-nuclear ‘Cataract’ ICD code from AHS  Atomic bomb survivors; DS86 dose estimates: 0 to

database 3+ Gy

Nakashima et al., 2006 (10) Cortical LOCS Atomic bomb survivors; DS02 mean dose
Subcapsular 0.522 Sv, range 0 to 4.940 Sv

Neriishi et al., 2007 (34) All Post operative Atomic bomb survivors; DS02 dose estimates: 0 to

Worgul et al., 2007 (36) Non-nuclear

Stages 1 (discrete opacity) to 5

3+ Gy
Chernobyl liquidators; 0 to 1 Gy

(mature cataract)

Rafnsson etz al., 2005 (38) Nuclear WHO (48)

Occupational; calculated dose ranges: 0 to 0.48 Sv

Notes. OR = odds ratio; RR = relative risk; LCL = lower 95% confidence limit; UCL = upper 95% confidence limit; LOCS = lens opacities
classification scheme (47); ICD = International Classification of Diseases; AHS = Adult Health Study.

“ Hazard ratio.
b Excess relative risk.

was a statistically significantly elevated occurrence of
cataracts for subjects who had undergone a large
number of clinical X rays (>25) compared to less than
five X rays, with an OR of 1.4 (1.2 to 1.7). Three or more
X rays to the face and neck region also carried an
elevated risk [OR 1.3 (1.1 to 1.5)]. However, the analyses
were based on self-reported questionnaires with no
clinical confirmation, and no information was given
regarding X-ray dose or type of opacity. The linear
excess relative risk per gray for occupational exposure
was calculated to be 1.98, but this was not statistically
significant (—0.7 to 4.7).

Smaller studies that examined cataract in relation to
self-reported exposures from CT scans have shown
either no association (2/) or an association for posterior
subcapsular cataracts at relatively low doses of the order
of 0.1t0 0.3 Gy (30, 31). However, the potential bias due
to the use of self-reported exposures in these studies
needs to be considered.

2. Atomic bomb survivors

In 2004, two studies were published looking at the
Japanese A-bomb survivors. Minamoto et al. carried out
eye examinations on survivors who were <13 years old
at exposure, 55 years after exposure (32). They used a
grading system to assist in the standardization of
classification of cataracts. Data for 873 adults from
Hiroshima and Nagasaki were investigated with a model
taking account of age, sex, city, radiation dose and
smoking status. Of these survivors, 451 were exposed to
<0.005 Gy, 190 to 0.005 to 0.5 Gy; 89 to 0.5 to 1 Gy,
and 52 to 1 to 2 Gy. For cortical and subcapsular

cataracts, the corresponding ORs at 1 Gy were 1.29
(1.22 to 1.49) and 1.41 (1.21 to 1.64), respectively. The
authors found no association for nuclear cataracts [OR
at 1 Gy = 1.1 (0.9 to 1.3)]. Yamada et al. looked at a
large range of non-cancer diseases in A-bomb survivors,
based on long-term follow-up over the period 1958-1998
(33). A total of 975 males and 2509 females were
investigated for cataracts. The results were given as
incidence rates, standardized to the Japanese population
of 1985. The authors found a statistically significant
positive dose response for cataracts (P = 0.026). At
1 Gy, the average excess disease rate was 7.98 (0.95 to
15.16) per 10,000 persons per year. The corresponding
RR was 1.06 (1.01 to 1.11). The RR decreased to a
statistically significant extent with increasing age at
examination (P < 0.001) and possibly with increasing
time since exposure (P = 0.09). The RR at 1 Gy was
increased to 1.08 for the most recent decade. There was
less evidence of a trend in the RR with age at exposure.
The authors found no evidence of a dose threshold. The
contrasting nature of these results to previous cataract
findings was attributed to the length of time cataracts
take to develop.

Nakashima et al. published a reanalysis of the A-bomb
cataract data in 2006 (/0). The authors tested the fit of the
threshold model in an updated data set using the most
recent DS02 dosimetry system and found a statistically
significant dose effect that decreased with increasing age.
The odds ratios per Sv were 1.44 (1.19 to 1.73) for posterior
subcapsular opacities and 1.30 (1.10 to 1.53) for cortical
opacities after exposure at 10 years of age. No statistically
significant effects were found for nuclear opacities. Odds
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TABLE 1
Extended

Study details

Age at exposure Sample size Time since exposure OR/RR LCL UCL
Childhood (<18 months) 573 total, 484 exposed Various between 36 and 54 years 1.50 1.15 1.95
1.49 1.07 2.08

Adulthood Cohort of 35,705 Cohort followed for an average of 1.25¢ 1.06 1.47
19.2 years 1.98° —0.69 4.65

Childhood (<13 years) 873 cases ~55 years 1.29 1.12 1.49
1.41 1.21 1.64

Not specified 3,484 cases ~40 years 1.06 1.01 1.11
Childhood (<13 years) 873 cases ~55 years 1.30 1.10 1.53
1.44 1.19 1.73

Range 0-20+ 3,282 controls, 479 cases ~55 years 1.39 1.24 1.55
Adulthood 8,607 total 12 to 14 years 1.65 1.18 2.30
Adulthood 445 total, 71 cases Working life (age 50+ at study onset) 3.02 1.44 6.35

ratios increased with increasing dose for both posterior
subcapsular and cortical opacities. The threshold dose was
estimated to be 0.6 Sv. However, this result was not
statistically incompatible with a threshold of 0 Sv.

In 2007, Neriishi e al. published a study investigating
dose response for clinically significant cataracts (34). A
total of 3761 A-bomb survivors and 479 postoperative
cataract cases were included, with the data corrected for
city, age, sex and diabetes. There was evidence for a linear,
but not linear-quadratic, dose response. The OR for post-
operative cataracts was 1.39 (1.24 to 1.55) at 1 Gy. The
authors observed no statistically significant increase at
<0.5 Gy and attributed the lack of statistically significant
findings to the lack of subjects in this exposure category.
Threshold analysis was carried out, and the estimated
threshold dose was 0.1 Gy. The data were not compatible
with a threshold dose above 0.8 Gy and were statistically
compatible with the lack of a threshold.

3. Chernobyl

In 1995, Day et al published an analysis of the
prevalence of lens changes in children residing in the
Chernobyl area (35). A group of 1787 children was
included in the study, 996 of whom were classified as
exposed. Small but statistically significant excesses of
subclinical posterior subcapsular lens changes (P =
0.0005) and posterior subcapsular lens opacities (P =
0.005) were recorded. The results were strongly suggestive
of a normal distribution of severity of effects around a
threshold. Because the pediatric lens is known to be
more sensitive than the adult lens, the authors con-
cluded that this threshold should be smaller than the
threshold of <1 Gy that had been suggested in the
literature for adults.

Worgul et al recently published an analysis of
cataract prevalence in a cohort of Ukrainian Chernobyl

liquidators (clean-up workers) who were assessed
between 12 and 14 years after exposure (36). A total of
8607 subjects were included in the study, with age at
exposure, age at examination, gender, dose in 50-mGy
intervals, smoking status, diabetes and a number of
other potentially confounding factors included in the
model. Cataracts were split into a number of stages to
standardize classification. There were statistically signif-
icant increases for non-nuclear (posterior subcapsular
and cortical) stage “l to 57 cataracts: the OR for 1 Gy
was 1.65 (1.18 to 2.30), and the dose threshold for these
cataracts was calculated to be 0.50 (0.17 to 0.65) Gy.
The authors found that the data were incompatible with
a dose threshold >0.70 Gy.

4. Occupational exposure

Jacobsen investigated cataract occurrence in 97 retired
workers in the U.S. who had been exposed to actinides
(37). Posterior subcapsular cataracts were reported in
37.5% of workers who had recorded lifetime doses of
between 200 and 600 mSv, in contrast to 15% with
recorded lifetime doses of less than 200 mSv. Logistic
regression was used to calculate an odds ratio for
posterior subcapsular cataracts of approximately 1.4 per
100 mSv and a doubling dose of 250 mSv (100 to
500 mSv). Some other studies of occupational exposure
are considered later.

5. Commercial and space flight

In addition to the above, there is a body of research
exploring the incidence of lens opacities in commercial
airline pilots and astronauts. Pilots have increased
ionizing radiation exposure from solar particle events
and galactic cosmic radiation as well as the secondary
events associated with these (38). Space radiation has
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somewhat different characteristics from those of terres-
trial radiation; astronauts are exposed to a mixture of
high-energy protons and heavy ions as well as secondary
particles produced in collisions with the craft and the
astronauts themselves.

In 2001, Cucinotta et al investigated the risk of
cataract development amongst NASA astronauts (39).
For 222 astronauts who had had one or more flights, 48
cases of lens opacification were recorded. The authors
found that there was an increased risk of cataracts
amongst astronauts. Number of flights (2 or more
compared to 0 or 1), age and inclination of flight
(relevant because of a higher flux of heavy ions at higher
inclinations) were all statistically significant factors.
Hazard ratios for ages 60 and 65 years were calculated to
be 2.35 (1.01 to 5.51) and 2.44 (1.20 to 4.98),
respectively, for lens dose from space radiation only.
Doses from personal thermoluminescence dosimeters
were used to lead to the assertion that the threshold for
cataract development is of the order of 8 mSv; however,
no formal threshold analysis was carried out. UV
radiation was identified as a potential confounder.
While most of the cataracts recorded in this study were
not clinically significant, the authors pointed out that
early cataracts increase the risk of development of more
severe cataracts at a later stage. Some discussion also
considered the possible increase in the effects of heavy-
ion radiation due to fractionation of the type experi-
enced by astronauts carrying out multiple missions.

In 2005, Rafnsson et al. investigated whether employ-
ment as a commercial airline pilot was associated with an
increased incidence of lens opacities, based on a case-
control study of Icelandic pilots (38). Controls were those
with no opacity or with other types of cataract.
Employment time, annual hours flown, time-table and
flight profile, and cumulative radiation dose calculated
from the above information were included in the analysis.
Of four cataract types (nuclear, cortical, central optical
zone-based and posterior subcapsular), only occurrence of
nuclear cataracts was found to be statistically significantly
increased for ever-pilots compared to those who had never
been pilots, with an OR of 3.02 (1.44-6.35). Age was
found to be a statistically significant factor [OR 1.17
(1.12-1.22)], with cumulative dose up to age 40 and up to
age 50 both being statistically significant factors. The
results suggest that pilots develop cataracts at a younger
age than non-pilots. There was also some evidence of a
dose-response relationship, but the numbers of cases in
each dose quartile were very low. Interestingly, UV-
radiation exposure during flight was not discussed as a
potential risk factor. However, recent work suggests that
there is a connection between nuclear cataract and UVA
radiation (40).

Jones et al investigated cataract incidence among
astronauts and U.S. Air Force and Navy pilots (4/). The
authors found that U.S. Air Force and Navy flight

personnel develop cataracts at a statistically significantly
younger age than astronauts (P < 0.005 and < 0.001,
respectively), even when the figures are adjusted for age
of entry and time in service. The biophysical, biochem-
ical, physiological and cellular mechanisms of cataract
development are discussed in detail in the paper, and the
possibility that radiation is a stronger risk factor than
either commercial flight altitude and polar aviation
route radiation or surface UV radiation is proposed.

6. Protracted exposure

Finally, an unusual opportunity for studying chronic
exposure to low-dose-rate y radiation occurred with the
incorporation of radiocontaminated steel into residential
and civilian buildings in Taiwan in the 1980s. Chen et al.
examined the occurrence of opacities in 114 members of
the exposed population (8). Doses were calculated by
age group and were of the order of 0-8 mSv. A dose-
dependent statistically significant increase in minor focal
lens defects (those not likely to impair visual acuity) was
recorded for those subjects aged 3-20 years old (P =
0.027). Dose dependence was also observed for the other
age groups (2040 years and 42-65 years), but the results
were not statistically significant. The results suggest that
chronic low-dose irradiation is an independent risk
factor for minor lenticular changes, especially in young
people. Importantly, the data also indicate that protrac-
tion of the exposure over long periods does not
substantially increase the threshold dose. This is in line
with the findings of Chodick et al. (11).

DISCUSSION AND CONCLUSIONS

The most recent mechanistic studies of radiation-
induced cataract have concentrated on the genetic
components of DNA damage response and repair
pathways. There is demonstrable evidence for a genetic
component of cataract development, for instance in
heterozygosity of the Atm, Rad9 and Brcal genes (e.g.
23). Although the majority of the studies summarized
here involved mice, the fact that heterozygosity of some
of these genes is observed in humans indicates that a
subsection of the population could be genetically
predisposed to cataract formation. This is supported
by differences in cataract formation in populations with
different ethnic backgrounds, e.g. Asian and European
(42, 43) or European and African (44). The mechanistic
studies also indicate that low doses of heavy ions may
initiate cataract formation; work is ongoing in this area
(e.g. 6). Finally, there is evidence from the animal studies
that exposing the lens to ionizing radiation leads to
premature development of cataracts that would other-
wise be seen in old age (26).

With regard to the epidemiological studies, there are
difficulties in the literature with the methods of classifi-
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cation of cataracts; for instance, several authors differen-
tiated between posterior subcapsular and cortical opaci-
ties, Worgul et al. (36) defined stages of cataracts, whereas
Neriishi et al. simply defined a clinically significant
cataract as one that was removed surgically (34). In the
past, the LOCS system in its various versions has been
widely used by ophthalmologists; however, it needs
further standardization to achieve interobserver agree-
ment (45). Pei and colleagues (46) published details of the
Pentacam Scheimpflug system, which provides a quanti-
tative and objective method for classification of lens
opacities, because the results are independent of the
observer. It is suggested that in future studies, a single
classification scheme such as this one should be used
universally for studies of radiation-induced cataracts. This
would allow investigators in the clinical and epidemiolog-
ical settings to overcome existing difficulties arising from
the variation in classification schemes. Validation of the
existing data should also be carried out.

Several studies analyzed the prevalence of cataracts at
a single time after irradiation, whereas to study
incidence, it would be necessary to monitor the
population over time. Furthermore, the study designs
vary, and it is difficult to know whether there might have
been any selective reporting of results, in particular,
whether an absence of increased cataract risks might not
have been reported in some small studies. However,
Fig. 1 and Table 1 illustrate that, from the studies
summarized here, most of the recent analyses had an
OR/RR greater than 1. This would appear to indicate
that there is a strong likelihood of an association
between exposure to ionizing radiation of the order of
1 Gy and initiation or development of the various
different types of cataracts and in each of the exposure
situations. For the studies investigating lower doses,
only Cucinotta et al. (39) and Chen et al (8) found
statistically significant associations with doses less than
0.5 Gy. With regard to the A-bomb survivors and
Chernobyl data, the difficulties in finding statistically
significant associations with doses of the order of 1 Gy
or less may be attributed to insufficient data. For
instance, in 2007, Chumak et al. (47) carried out Monte
Carlo analyses of estimated dose for a cohort of 8607
Chernobyl clean-up workers. The authors estimated that
only 4.4% of workers received exposures greater than
0.5 Gy and the median lens dose was 123 mGy.

The concept of threshold has been cited as critical to
many of the theories regarding the mechanisms of
cataract development (6). The threshold level may be
particularly important for exposure during early child-
hood. The importance of age at exposure is evident in a
number of the studies considered here, and in particular
for posterior subcapsular opacities, Hall et al. (27) found
an increased risk of the order of 50% for 1 Gy exposure
to the lens during childhood, and Nakashima et al. (10)
calculated an odds ratio of 1.44 at 1 Sv for exposure at

10 years, which decreased to a statistically significant
extent with increasing age at exposure (P = 0.022).

In recent years there has been an apparent reversal in
the consensus in the literature regarding the develop-
ment of cataracts in response to exposure to ionizing
radiation. In much of the recently published literature,
the estimated threshold for cataract development has
tended to decrease with increasing times from irradia-
tion for the cases in the major epidemiological data set:
the A-bomb survivors. Authors have attributed this
reversal to the extended period of latency that is
common for cataracts: Studies with short follow-up
periods may still be within the latent period and thus fail
to identify early lens defects, thus recording incorrect
rates of cataract development.? However, it may also be
the case that, with the longer follow-up and identifica-
tion of larger numbers of cases, the statistical precision
to detect raised risks at lower doses has increased. Three
recent studies have carried out formal threshold
analyses: Nakashima et al. (10) calculated a threshold
of 0.6 Sv for atomic bomb survivors, Neriishi et al. (34)
calculated a threshold of the order of 0.1 Gy and
=0.8 Gy for a similar data set, and Worgul et al. (36)
calculated a threshold of =0.7 Gy for Chernobyl
liquidators. Although calculation methods varied by
author and data set, none of these studies found
estimated thresholds greater than 1 Gy, and all formal
calculations produced results that were statistically
compatible with the complete lack of a threshold.
Cucinotta et al. (39) and Chen et al (8) found
statistically significant increases of opacities associated
with very low doses, of the order of 8 mSv; however,
these studies did not include formal threshold analyses.
All the above estimates are considerably lower than the
previous NRPB (/6), SSK (/7) and ICRP (I8, 19)
respective recommendations for thresholds of 1.3 and
2 Gy of acute radiation. Furthermore, the protraction of
doses in occupationally and environmentally exposed
cohorts does not appear to affect risk to a statistically
significant extent (e.g. 8, /7). These results, coupled with
the mechanistic studies demonstrating that mice carry
defects in DNA damage response genes, suggest that
cataracts may in fact develop through a process that
conforms with a linear, no-threshold type model.

In conclusion, much of the science is contradictory, and
it is therefore very difficult to reach a firm conclusion
between a threshold and a no-threshold dose response for
cataract formation, which is likely to be a multifactorial
process. Values of threshold doses are subject to statistical
uncertainty and depend on the severity or stage of the
cataract and also on the cataract type. From the more
recent data, the threshold dose for cataract formation may
be judged to be in the region of 0.5 Gy of low-LET
radiation. It is also possible that cataract induction could
be treated as a non-threshold phenomenon, with a
doubling dose that may be of the order of ~2 Gy. A



8 REVIEW

precise figure would need to be determined by formal
calculations, which are beyond the scope of this current
work. It should be noted that threshold and doubling dose
figures may be dependent on a number of factors,
including variation in background levels of cataract
development with genetic background, age, gender,
lifestyle, latent period, time since diagnosis and dose rate
and/or fractionation. It is clear that more work is required
to verify the findings and judgments presented here and
the biological implications of the linear, no-threshold
response. This could be achieved by implementation of a
systematic screening program for people exposed occupa-
tionally to ionizing radiation. Perhaps the most important
requirement is to obtain more evidence from mechanistic
studies concerning the existence of a threshold. At present,
while DNA damage responses have been identified as
important, it is not clear whether a mutational mecha-
nism, or one based on lens cell function, differentiation,
cell killing and/or mode of death, is operating. The former
would suggest a no-threshold approach, while the latter
would likely favor a judgment of a relatively low
threshold. It is suggested that mechanistic studies should
now focus on the identification of animal strain-depen-
dent differences and additional mouse mutants. Where
possible, reanalyses of the previous data should also be
carried out using the more sophisticated methods that
have been developed and in the light of recent work.

ACKNOWLEDGMENTS

The authors would like to acknowledge the role of Barrie Lambert
in the initiation of this work, and we thank Barrie for useful
discussions regarding the nature of cataract development.

Received: December 12, 2008; accepted: February 17, 2009

REFERENCES

1. J. M. J. Roodhooft, Leading causes of blindness worldwide. Bull.
Soc. Belge Opthalmol. 283, 19-25 (2002).

2. A. G. Abraham, N. G. Condon and E. W. Gower, The new
epidemiology of cataract. Ophthalmol. Clin. North Am. 19, 415—
425 (2006).

3. S. West, Epidemiology of cataract: accomplishments over 25
years and future directions. Ophthalmic Epidemiol. 14, 173-178
(2007).

4. C. A. McCarty and H. R. Taylor, A review of the epidemiologic
evidence linking ultraviolet radiation and cataracts. Dev.
Ophthalmol. 35, 21-31 (2002).

5. P. A. Asbell, I. Duolan, I. Mindel, D. Brocks, M. Ahmad and S.
Epstein, Age-related cataract. Lancet 365, 599-609 (2005).

6. J. Graw, The genetic and molecular basis of congenital eye
defects. Nat. Rev. Genet. 4, 876-888 (2003).

7. M. Otake and W. J. Schull, A review of forty-five years study of
Hiroshima and Nagasaki atomic bomb survivors. Radiation
cataract. J. Radiat. Res. (Tokyo) 32, 283-293 (1991).

8. W-L. Chen, J-S. Hwang, T-H. Hu, M-S. Chen and W. P. Chang,
Lenticular opacities in populations exposed to chronic low-dose-

rate gamma radiation from radiocontaminated buildings in
Taiwan. Radiat. Res. 156, 71-77 (2001).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

G. Wilde and J. Sjostrand, A clinical study of radiation cataract
formation in adult life following vy irradiation of the lens in early
childhood. Br. J. Opthalmol. 81, 261-266 (1997).

E. Nakashima, K. Neriishi and A. Minamoto, A reanalysis of
atomic-bomb cataract data, 2000-2002, a threshold analysis.
Health Phys. 90, 154-160 (2006).

G. Chodick, N. Bekiroglu, M. Hauptmann, B. H. Alexander, M.
Freedman, M. M. Drudy, L. C. Cheung, S. L. Simon, R. M.
Weinstock and A. J. Sigurdson, Risk of cataract after exposure to
low doses of ionizing radiation, a 20-year prospective cohort
study among US radiologic technologists. Am. J. Epidemiol. 168,
620-631 (2008).

E. R. James, The etiology of steroid cataract. J. Ocul. Pharmacol.
Ther. 23, 403-420 (2007).

N. G. Congdon and H. R. Taylor, Age-related cataract. In The
Epidemiology of Eye Disease (G. J. Johnson, D. C. Minassian,
R. A. Weale and S. K. West, Eds.), pp. S105-S119. Arnold,
London, 2003.

E. J. Hall, Radiobiology for the Radiobiologist, 4th ed. J. B.
Lippincott, Philadelphia, 1988.

G. R. Merriam, Jr. and E. F. Focht, A clinical study of radiation
cataracts and the relationship to dose. Am. J. Roentgenol. Radiat.
Ther. Nucl. Med. 77, 759-785 (1957).

A. A. Edwards and D. C. Lloyd, Risk from Deterministic Effects
of lonising Radiation. Documents of the NRPB, Vol. 7, No. 3,
National Radiological Protection Board, Chilton, UK, 1996.

Veréffentlichungen der Strahlenschutzkommission, Band 32: Der
Strahlenunfall, 2nd ed. Strahlenschutzkommission, Bonn, 2007.
ICRP, 1990 Recommendations of the International Commission on
Radiological Protection. Publication 60, Annals of the ICRP,
Vol. 21, Elsevier, Amsterdam, 1991.

ICRP, The 2007 Recommendations of the International Commission
on Radiological Protection. Publication 103, Annals of the ICRP,
Vol. 37, Elsevier, Amsterdam, 2007.

N. Phelps Brown, The lens is more sensitive to radiation than we
had believed. Br. J. Opthalmol. 81, 257 (1997).

T. Malmstrom and R. H. Kroger, Pupil shapes and lens optics in
the eyes of terrestrial vertebrates. J. Exp. Biol. 209, 18-25 (2006).

M. Ahmed and N. Rahman, A TM and breast cancer susceptibility.
Oncogene 25, 5906-5911 (2006).

B. V. Worgul, L. Smilenov, D. J. Brenner, A. Junk, W. Zhou and
E. J. Hall, Atm heterozygous mice are more sensitive to radiation-
induced cataracts than are their wild-type counterparts. Proc.
Natl. Acad. Sci. USA 99, 9836-9839 (2002).

N. J. Kleiman, J. David, C. D. Elliston, K. M. Hopkins, L. B.
Smilenov, D. J. Brenner, B. V. Worgul, E. J. Hall and H. B.
Lieberman, Rad9 and Atm haploinsufficiency enhance spontane-
ous and X-ray-induced cataractogenesis in mice. Radiat. Res.
168, 567-573 (2007).

B. V. Worgul, L. Smilenov, D. J. Brenner, M. Vazquez and E. J.
Hall, Mice heterozygous for the AT M gene are more sensitive to
both X-ray and heavy ion exposure than are wildtypes. Adv.
Space Res. 35, 254-259 (2005).

N. Wolf, W. Pendergrass, N. Singh, K. Swisshelm and J.
Schwartz, Radiation cataracts, mechanisms involved in their
long delayed occurrence but then rapid progression. Mol. Vis. 14,
274-285 (2008).

P. Hall, F. Granath, M. Lundell, K. Olsson and L. E. Holm,
Lenticular opacities in individuals exposed to ionizing radiation
in infancy. Radiat. Res. 152, 190-195 (1999).

M. Lundell, Estimates of absorbed dose in different organs in
children treated with radium for skin hemangiomas. Radiat. Res.
140, 327-333 (1994).

F. Hourihan, P. Mitchell and R. G. Cumming, Possible associa-
tions between computed tomography scan and cataract, the
Blue Mountains Eye Study. Am. J. Public Health 89, 1864-1866
(1999).



30.

31

32.

33.

34.

35.

36.

37.

38.

39.

REVIEW

B. E. Klein, R. Klein, K. L. Linton and T. Franke, Diagnostic x-
ray exposure and lens opacities, the Beaver Dam Eye Study. Am.
J. Public Health 83, 588-590 (1993).

B. E. Klein, R. E. Klein and S. E. Moss, Exposure to diagnostic
x-rays and incident age-related eye disease. Ophthalmic
Epidemiol. 7, 61-65 (2000).

A. Minamoto, H. Taniguchi, N. Yoshitani, S. Mukai, T.
Yokoyama, T. Kumagami, Y. Tsuda, H. K. Mishima, T.
Amemiya and M. Akahoshi, Cataract in atomic bomb
survivors. Int. J. Radiat. Biol. 80, 339-345 (2004).

M. Yamada, F. L. Wong, S. Fujiwara, M. Akahoshi and G.
Suzuki, Noncancer disease incidence in atomic bomb survivors,
1958-1998. Radiat. Res. 161, 622-632 (2004).

K. Neriishi, E. Nakashima, A. Minamoto, S. Fujiwara, M.
Akahoshi, H. K. Mishima, T. Kitaoka and R. E. Shore,
Postoperative cataract cases among atomic bomb survivors,
radiation dose response and threshold. Radiat. Res. 168, 404-408
(2007).

R. Day, M. B. Gorin and A. W. Eller, Prevalence of lens changes
in Ukrainian children residing around Chernobyl. Health Phys.
68, 632-642 (1995).

B. V. Worgul, Y. I. Kundiyev, N. M. Sergiyenko, V. V. Chumak,
P. M. Vitte, C. Medvedovsky, E. V. Bakhanova, A. K. Junk,
0. Y. Kyrychenko and R. E. Shore, Cataracts among Chernobyl
clean-up workers, implications regarding permissible eye
exposures. Radiat. Res. 167, 233-243 (2007).

B. S. Jacobson, Cataracts in retired actinide-exposed radiation
workers. Radiat. Prot. Dosimetry 113, 123-125 (2005).

V. Rafnsson, E. Olafsdottir, J. Hrafnkelsson, H. Sasaki, A.
Arnarsson and F. Johansson, Cosmic radiation increases the risk
of nuclear cataract in airline pilots. Arch. Opthalmol. 123, 1102—
1105 (2005).

F. A. Cucinotta, F. K. Manuel, J. Jones, G. Iszard, J. Murrey, B.

Djojonegro and M. Wear, Space radiation and cataracts in
astronauts. Radiat. Res. 156, 460—466 (2001).

40.

41.

42.

43.

4.

45.

46.

47.

48.

M. F. Simpanya, R. R. Ansari, V. Leverenz and F. J. Giblin,
Measurement of lens protein aggregation in vivo using dynamic
light scattering in a guinea pig/UVA model for nuclear cataract.
Photochem. Photobiol. 84, 1589-1595 (2008).

J. A. Jones, M. McCarten, K. Manuel, B. Djojonegoro, J.
Murray, A. Feiversen and M. Wear, Cataract formation
mechanisms and risk in aviation and space crews. Aviat. Space
Environ. Med. 78, A56-A66 (2007).

B. N. Das, J. R. Thompson, R. Patel and A. R. Rosenthal, The
prevalence of age related cataract in the Asian community in
Leicester, a community based study. Eye 4, 723-726 (1990).

B. N. Das, J. R. Thompson, R. Patel and A. R. Rosenthal, The
prevalence of eye disease in Leicester, a comparison of adults of
Asian and European descent. J. R. Soc. Med. 87, 219-222 (1994).

S. K. West, B. Munoz, O. D. Schein, D. D. Duncan and G. S.
Rubin, Racial differences in lens opacities, The Salisbury Eye
Evaluation (SEE) project. Am. J. Epidemiol. 148, 1033-1039
(1998).

A. C. Tan, S. C. Loon, H. Choi and L. Thean, Lens Opacities
Classification System III: cataract grading variability between
junior and senior staff at a Singapore hospital. J. Cataract
Refract. Surg. 34, 1948-1952 (2008).

X. Pei, Y. Bao, Y. Chen and X. Li, Correlation of lens density
measured using the Pentacam Scheimpflug system with the Lens
Opacities Classification System III grading score and visual
acuity in age-related nuclear cataract. Br. J. Ophthalmol. 92,
1471-1475 (2008).

V. V. Chumak, B. V. Worgul, Y. I. Kundiyev, N. M. Sergiyenko,
P. M. Vitte, C. Medvedovsky, E. V. Bakhanova, A. K. Junk,
O. Y. Kyrychenko and R. E. Shore, Dosimetry for a study of
low-dose radiation cataracts among Chernobyl clean-up workers.
Radiat. Res. 167, 606-614 (2007).

B. Thylefors, L. T. Chylack, Jr., K. Konyama, K. Sasaki, R.
Sperduto, H. R. Taylor and S. West, A simplified cataract
grading system. Opthalmic Epidemiol. 9, 83-95 (2002).



