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Abstract

Background: Medical radiation is considered a factor responsible for cataractogenesis. However, the incidence of
this ophthalmologic complication resulting from gamma knife radiosurgery (GKRS) has not yet been reported. The
present study aimed to determine the risk of cataractogenesis associated with radiation exposure from GKRS.

Methods: This study used information from a random sample of one million persons enrolled in the nationally
representative Taiwan National Health Insurance Research Database. The GK group consisted of patients who
underwent GKRS between 2000 and 2009. The non-GK group was composed of subjects who had never
undergone GKRS, but who were matched with the case group for time of enrollment, age, sex, history of coronary
artery disease, hypertension, and diabetes.

Results: There were 277 patients in the GK group and 2770 matched subjects in the non-GK group. The GK group
had a higher overall incidence of cataracts (10.11% vs. 7.26%; crude hazard ratio [cHR], 1.59; 95% Cl, 1.07-2.36;
adjusted hazard ratio [aHR], 1.25; 95% Cl, 0.82-1.90) than the non-GK group. Patients who had undergone
computed tomography and/or cerebral angiography (CT/angio) studies had a higher risk of developing cataracts
than those who did not (10.82% vs. 6.64%; cHR, 1.74; 95% Cl, 1.31-2.30; aHR, 1.65; 95% Cl, 1.22-2.23). The age group
between 30 and 50 years had the highest risk of cataractogenesis in both the GK and CT/angio groups (cHR, 3.50;
95% Cl, 1.58-7.72; aHR, 2.43; 95% Cl, 1.02-5.81; cHR, 2.96; 95% Cl, 1.47-5.99; aHR, 2.27; 95% Cl, 1.05-4.93,
respectively).

Conclusions: Radiation exposure due to GKRS and CT/angio study may be independently associated with
increased risk of cataractogenesis. We suggest routine dosimetry measurement of eye lens and proper protection
for patients with benign lesions during GKRS. Regular follow-up imaging studies should avoid the use of CT/angio,
and particular care should be taken in the 30-50-year-old age group, due to their significantly increased risk of
cataract formation.
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Background

Over the past few decades, gamma knife radiosurgery
(GKRS) has been increasingly used for intracranial le-
sions [1-4]. In Taiwan, the up-to-date official infor-
mation indicates that there are seven gamma knife
units and about 1100 patients undergo GKRS every
year. Although patients who undergo GKRS account
for only 6-10% of all neurosurgical patients, more
than 50% of patients are diagnosed with benign le-
sions, including benign brain tumors, vascular lesions,
and trigeminal neuralgia. Unlike for patients who
have undergone conventional radiation for the malig-
nancies, the patients with benign brain lesions who
have undergone GKRS have a long life expectancy.
Thus, as the number of patients undergoing GKRS is
increasing, the adverse effects of the related radiation
should elicit serious concern.

The hazards of radiation to the human body, such
as an increased risk of cancer, have been well estab-
lished by many large-scale studies on atomic bomb
survivors [5]. The lenses of the eyes are the organs
most sensitive to radiation injury, because of their
superficial location and direct contact with the radi-
ation beam. The relationship between cataract forma-
tion and cumulative doses of ionizing radiation has
also been documented in epidemiologic studies from
atomic bomb survivors [6, 7]. The International Com-
mission on Radiologic Protection (ICRP) has pub-
lished threshold values resulting in detectable lens
opacities of 5 Sv for fractionated or protracted expos-
ure and 0.5-2.0 Sv for single brief exposures [8, 9].
More recently, on the basis of the current data, the
ICRP 2011 has updated the threshold radiation dose
for the lens of the eye: deleterious lens opacities are
induced when the absorbed dose is about 0.5 Gy. In
the recommendations for occupational exposure, the
equivalent dose limit for the lens of the eye should
be 20 mSv per year, averaged over a period of 5 years,
with exposure not exceeding 50 mSv in any single
year [10]. Many recent studies have discussed
radiation-induced cataracts among workers in radi-
ology departments or among patients who have
undergone repeated computed tomography (CT) [11-
14]. Furthermore, because of the increasing numbers
of patients undergoing GKRS and subsequent CT
and/or cerebral angiography (CT/angio) for imaging
studies, medical radiation-induced cataracts, particu-
larly those resulting from GKRS and CT/angio, re-
quires further attention. This population-based case-
control study was conducted using the Taiwan Na-
tional Health Insurance Research Database (NHIRD)
to investigate the association between cataract devel-
opment and radiation exposure from GKRS and the
subsequent CT/angio imaging studies.
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Methods

Database

Virtually all (97.11%) of the inhabitants of Taiwan
(21,869,478 of 22,520,776 population by the end of
2002) are enrolled in the National Health Insurance pro-
gram, which has been operating since 1995 [13, 15]. The
NHIRD at the National Health Research Institutes
(NHRI) in Miaoli, Taiwan, is in charge of the entire Na-
tional Health Insurance claims database and has pub-
lished numerous extracted datasets for researchers. For
instance, the NHRI has released cohort datasets com-
prising 1,000,000 randomly sampled individuals who
were alive in 2000 and has collected all of the records of
these individuals from 1995 onward. The database is
confirmed by the NHRI as being representative of the
Taiwanese population. It is also one of the largest na-
tionwide population-based databases in the world [15].
In this cohort dataset, each patient’s original identifica-
tion number has been encrypted for confidentiality. Of
note, the encrypting procedure is consistent, such that it
is possible to link claims from the same patient within
the NHIRD datasets. These comprise secondary, de-
identified data, which is released to the public for re-
search. This study was approved by the institutional re-
view board of E-Da Hospital (No. EMRP-105-036).

Subjects

This study comprised two groups of individuals. The GK
group was composed of patients who had undergone
GKRS (based on the procedure code 37029B). The pa-
tients were identified from the longitudinal health insur-
ance databases of the NHIRD. The data subset is
composed of 1,000,000 randomly sampled beneficiaries
and encompass the period 2000-2009. Among the
GKRS code registered on the NHIRD, patients with
brain lesions who underwent GKRS were assumed to
have benign brain tumors, vascular abnormalities, in-
cluding arteriovenous malformation, dural arteriovenous
fistula, and cavernous angiomas, and trigeminal neural-
gia. The non-GK group was composed of age-, sex-, and
comorbidity-matched subjects in the NHIRD who had
never undergone GKRS, on enrolment or after. Comor-
bidities that were included to control the confounding
risk factors were a history of coronary artery disease
(ICD-9-CM codes 410.xx—414.xx), diabetes mellitus
(ICD-9CM codes 250.xx), and hypertension (ICD-9-CM
codes 401.xx—405.xx). In both groups, subjects who
underwent intraocular surgery via coded procedures, or
who had preexisting, congenital, or trauma-related cata-
racts (ICD-9-CM codes 366.xx) before enrollment were
excluded. Because cataracts are not rare complications
in patients with radiotherapy, those with ocular and or-
bital region tumors (ICD-9-CM codes 190.x) and intra-
cranial malignancies (ICD-9-CM codes 191.x) were also
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excluded to reduce the confounding factor of radiother-
apy. The medical radiation from CT/angio is of concern
and is not uncommon in patients who have undergone
GKRS; thus, CT/angio for brain lesions was included to
control for the confounding risk factor of a history of head
and neck CT/angio. All patients were followed up until
the study endpoint or December 31, 2009. In addition, age
is an important factor in cataractogenesis [16, 17]; there-
fore, subjects were divided into four age groups: under 30-
, 30-50-, 50-70-, and over 70-years-old to analyze the ef-
fect of aging. Figure 1 shows the study flow.

Cataract occurrence

The endpoint of the study was the first occurrence of
cataract. In this database, the ICD-9-CM codes for cata-
ract (ICD-9-CM codes 366.xx) did not change through-
out the whole follow-up period (2000-2009), ensuring
the consistency of the disease registry. Subjects who met
any of the following two criteria were identified as hav-
ing cataract: patients who underwent cataract extraction
surgery, as identified by procedure codes in the NHIRD;
or patients who had at least two clinical visits coded as
ICD-9-CM 366.xx combined with a therapeutic prescrip-
tion for cataracts [13].

Gamma knife (N=389)

l

[ Exclusion: )

’ Total records in LHID 2000 (N=1,000,000)

Patients with cataract before GK, intraocular surgery,
preexisting congenital, or trauma-related cataract,
\_radiotherapy, cancer and orbital region tumors

| |

GK Cohort
(N=277)

Matéhed by agé, sex,
index date, and comorbidities

GK Cohort ’

Non-GK Cohort
(N=999,611)

(N=277) (N=2770)
Exposed group Control group

e

Event: Cataract
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Fig. 1 Study flow chart. LHID: Longitudinal National Health
Insurance Database; GK: gamma knife radiosurgery
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Statistical analysis

All data were expressed as frequency (percentage) or
mean (+ SD). Parametric continuous data were com-
pared between the GK and non-GK groups by unpaired
Student t-test, whereas categorical data were compared
using the chi-square test and Fisher exact test, as appro-
priate. Freedom from cataract was assessed using
Kaplan-Meier analysis, and significance determined
using the log-rank test. The disease-free time was calcu-
lated from the date of enrollment to the date of first
diagnosis of cataract. Multivariate regression analysis
was conducted using Cox proportional hazard regression
analysis to evaluate whether GKRS, age, and CT/angio
were independent factors associated with increased risk
of cataract. All p-values less than 0.05 were considered
significant. All data management and calculations of
hazard ratios (HRs) were performed using SAS version
9.4 (SAS Institute, Cary, NC, USA).

Results

In the sample of 1,000,000 subjects, 277 subjects under-
went GKRS during the study period (GK group), and
2770 matched subjects never underwent GKRS (non-GK
group). There were no significant differences in age, sex,
history of hypertension, diabetes mellitus, and coronary
artery diseases between these two groups (Table 1).

During the follow-up period of 10 years, 28 (10.11%)
patients in the GK group and 201 (7.26%) patients in the
non-GK group developed cataracts (Table 2). Patients in
the GK group had a higher risk of developing cataracts
than did those in the non-GK group (crude HR [cHR],
1.592; 95% CI, 1.07-2.36). After considering CT/angio,
GKRS did not remain significantly associated with a
higher risk of cataract development (adjusted HR [aHR],
1.25; 95% CI, 0.82—1.90; Table 2).

To elucidate the relationship between age and cataract
risk after GKRS, age studies were performed by further
stratifying subjects into four subgroups (under 30, 30—
50, 50-70, over 70-years-old) to compare the associated

Table 1 Characteristics of the study subjects

Non-GK GK P value
Gender 1.000
Female 1400 (90.91%) 140 (9.09%)
Male 1370 (90.91%) 137 (9.09%)
Age 0.996
Under 30 386 (90.82%) 39 (9.18%)
30-50 1202 (91.06%) 118 (8.94%)
50-70 1024 (90.78%) 104 (9.22%)
Over 70 158 (90.80%) 16 (9.20%)
Total 2770 277
Mean (SD) 46.3 (15.3) 46.3 (15.3) 0.993
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Table 2 Multivariable Cox proportional hazard regression analysis estimated risk factor regarding cataractogenesis

Non-Cataract N (%)

Cataract N (%)

cHR (95% Cl) aHR (95% Cl)

GK
No 2569 (92.74%) 201 (7.26%)
Yes 249 (89.89%) 28 (10.11%)
CT/angio
No 2230 (93.34%) 159 (6.66%)
Yes 588 (89.36%) 70 (10.64%)

1 1
1.59 (1.07-2.36)* 1.25 (0.82-1.90)

1 1
1.74 (1.31-2.30)* 1.65 (1.22-2.23)*

*: p < 0.05 cHR crude hazard ratio, aHR adjusted hazard ratio

risk of cataract accordingly. The incidence of cataract in-
creased gradually with increasing age (0, 6.78%, 14.42%,
and 31.25%, respectively; Table 3). Importantly, the 30—
50-years-old individuals in the GK group had a signifi-
cantly higher incidence of cataractogenesis than those in
the non-GK group (cHR, 3.50; 95% CI, 1.58-7.72; aHR,
2.43; 95% CI, 1.02-5.81). During the follow-up period,
the non-GK group in the 30-50-years-old subgroup had
a significantly higher cataract-free survival according to

the log-rank test of Kaplan-Meier survival analyses of
cataract incidence (Fig. 2a).

CT/angio study was also significantly associated with a
higher risk of cataract development (cHR, 1.74; 95% CI,
1.31-2.30; aHR, 1.65; 95% CI, 1.22-2.23). When we
compared the CT/angio and non-CT/angio group, the
30-50-year-old individuals were also found to have a
higher incidence of cataractogenesis (cHR, 2.96; 95% CI,
1.47-5.99; aHR, 2.27; 95% CI, 1.05-4.93). During the

Table 3 Multivariable Cox proportional hazard regression analysis estimated risk of cataractogenesis in the subjects with or without

GK and with or without CT/angio in the different age groups

Age group (year-old) Non- Cataract N (%)

Cataract N (%) cHR (95% C.l) aHR (95% C.l)

Under 30 GK
No 385 (99.74%)
Yes 39 (100.00%)
CT/angio
No 349 (99.71%)
Yes 75 (100.00%)
30-50 GK
No 1176 (97.84%)
Yes 110 (93.22%)
CT/angio
No 1084 (98.01%)
Yes 202 (94.39%)
50-70 GK
No 883 (86.23%)
Yes 89 (85.58%)
CT/angio
No 725 (86.83%)
Yes 247 (84.30%)
Over 70 GK
No 125 (79.11%)
Yes 11 (68.75%)
CT/angio
No 72 (7347%)
Yes 64 (84.21%)

1 (0.26%) 1

0(0.00%)

1 (0.29%) 1

0(0.00%)

26 (2.16%) 1 1

8 (6.78%)) 350 (1.58-7.72)* 243 (1.02-581)*
22 (1.99%) 1 1

12 (5.61%) 296 (1.47-5.99)* 227 (1.05-4.93)*

141 (13.77%) 1
15 (14.42%) 1.27 (0.74-2.16)

110 (13.17%) 1
45 (15.70%) 1.22 (0.86-1.72)

33 (20.89%) 1
5 (31.25%) 221 (0.86-5.71)

26 (26.53%) 1
12 (15.79%) 0.60 (0.30-1.19)

*:p < 0.05 cHR crude hazard ratio, aHR adjusted hazard ratio
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Fig. 2 a Comparison of cataract-free rates between GK and non-GK cohorts in the 30-50-year-old subgroup using Kaplan-Meier model.
b Comparison of cataract-free rates between CT/angio and non-CT/angio cohorts in the 30-50-year-old subgroup using Kaplan-Meier model

follow-up period, the non-CT/angio group in the 30-50-
year-old subgroup had a significantly higher cataract-
free survival based on log-rank testing of Kaplan-Meier
survival analyses of cataract incidence (Fig. 2b).

Discussion

Cataracts, defined as lens opacity, are the most frequent
cause of visual impairment worldwide [16]. Major risk
factors include ocular trauma, intraocular surgery, dia-
betes mellitus, corticosteroid use, and radiation exposure
[16, 18]. In the past few decades, excessive doses of ion-
izing radiation have also been documented to induce
opacities in eye lenses [19, 20]. Recent studies from atomic
bomb survivors, Chernobyl clean-up workers, and resi-
dents of radiationcontaminated buildings have shown that
the threshold radiation dose for inducing lens opacity is
lower than that previously reported [6, 21, 22]. Dose

estimation due to inadequate data in such populations is
difficult, whereas subsequent calculated risks in these epi-
demiologic studies may have limited validity. Aside from
epidemiologic studies, several smaller studies that exam-
ined cataract in relation to self-reported exposure to CT
revealed either no association or an association for poster-
ior subcapsular cataracts at relatively low doses of radi-
ation (0.1-0.3 Gy) [23].

Globally, the cumulative number of GKRS procedures
reached 1,000,000 in 2016. In Taiwan, an increasing
number of GKRS is being performed (1100 GKRS proce-
dures in 2015) and more than 50% of these patients were
diagnosed with benign intracranial lesions. The present
study demonstrated that patients who have undergone
GKRS have a significantly higher risk of developing cata-
racts than those who have never undergone GKRS. Sub-
sequent analysis showed that CT/angio studies are also
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associated with increased risk of cataract. The 30-50-
years-old subgroup has a significantly higher incidence
of cataractogenesis in both GK and CT/angio analysis.

The present study used a single data subset, composed
of 1,000,000 randomly sampled beneficiaries, which in-
cluded approximately 300 subjects who had undergone
GKRS procedures, along with the corresponding infor-
mation. We retrospectively compared these data with an
age-, sex-, and comorbidity-matched non-GK group, and
found a trend for an increased rate of cataract incidence
with GKRS. Cox proportional hazard regression model
analysis showed that radiation exposure from GKRS in
the 30-50-years-old subgroup is independently associ-
ated with an increased risk of developing cataracts.

The dose of radiation to eye lenses during GKRS may be
underestimated. According to our previous study, the ra-
diation dose to which eye lenses of patients who under-
went GKRS for trigeminal neuralgia is exposed may reach
1.1 Gy in the absence of proper lens protection, and may
decrease to 0.2 Gy when lenses are appropriately protected
[24]. This indicates that routine dosimetry measurement
of eye lens and proper protection should be encouraged
for patients with benign lesions undergoing GKRS.

In Taiwan, a large number of CT procedures is per-
formed (1,268,921 CT procedures in 2008), which con-
tributed 50.8% of the annual collective and average
effective doses of medical radiation exposure [13, 25].
The typical effective dose of head CT is estimated to be
1-2 mSv for a diagnostic single-detector CT. The lens of
the eye receives absorbed doses, up to 50 mGy, during
head CT examinations [26]. The effective dose of diag-
nostic cerebral angiography is estimated to be 10 mSv
[27]. The lens of the eye receives absorbed considerably
higher doses, up to 500 mQGy, during cerebral angiog-
raphy. The eye lens is under direct radiation exposure
during CT/angio examinations. Most patients undergo
CT/angio examinations without eye shields, because ar-
tifacts caused by eye protective shields may affect the
quality of images. The results of the present study indi-
cate that the risk of radiation-induced cataracts during
CT/angio examination is higher than may be previously
expected, and should not be ignored. However, it is diffi-
cult to identify the exact radiation dose during CT/angio
examinations in the nationwide population study. Sug-
gestions such as low-dose CT using iterative reconstruc-
tion and the use of protective shielding materials with
minimal artifacts should therefore be encouraged. Be-
cause of rapid progress in the development of high-
technology CT/angio machines, the new CT/angio
would progressively decrease the radiation to human
subjects. Regardless of the doses of radiation exposure, it
is universally agreed that the less radiation received, the
lower risk. For this reason, it is considered prudent to at-
tempt to maintain exposures as low as reasonably
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achievable. Therefore, the authors suggests MRI and
MRA studies in regular follow-up imaging studies.

Consistent with previous reports of various study pop-
ulations, increasing age was also found to be a signifi-
cant risk factor for all types of cataracts and cataract
surgery, even after adjusting for all major covariates. The
effects of aging may reflect contributions from several
factors, such as the accumulation of damage from the
environment, the deterioration of defense and repair
mechanisms, and genetic predisposition. In the present
study, the cataract occurrence rate increased gradually
with increasing of age, with the significantly high inci-
dence occurring in the 30—50-year-old subgroup; this in-
cidence was found to be higher in the GK group than
the non-GK group and in the CT/angio than the non-CT
group. The explanation may be the cataract occurrence
rate is typically low in the 30-50-year-old subgroup, but
medical radiation due to GKRS and sebsequent CT/angio
could induce cataractogenesis.

Patients with intracranial malignancies were excluded
from the study. Given the increasing survival for patients
with metastatic cancer, and the high percentage worldwide
of such patients undergoing GKRS, the risk of cataracto-
genesis in brain metastasis patients might be an issue of
concern [28]. However, the risk of cataractogenesis in
these patients would be of relatively little concern com-
pared to the benefits of GKRS. The cataract surgery is a
well-established and generally safe procedure, this in-
creased risk may be worth it to patients if they are cured
or controlled of their malignant lesions with GKRS.

The current study has limitations. First, the number of
subjects who underwent GKRS (N = 277) is a small pro-
portion of the 1,000,000 individuals sampled from the
NHIRD. We have performed analysis on another sam-
pled population of 1,000,000 and found very similar re-
sults as those presented here (data not shown). Second,
the data from the NHIRD can only provide information
about the frequency of GKRS. The target area varies
with different disease entities and GK protocols, and the
scattered radiation dose cannot be determined exactly in
our study. The types, locations, volumes, and prescrip-
tion doses of lesions which may influence the radiation
exposure of eye lens were not documented in the
NHIRD. Third, corticosteroid and multivitamin use were
also not assessed in this study, because the miscellan-
eous corticosteroid and multivitamin prescriptions in
Taiwan are difficult to extract in the NHIRD. Fourth, we
did not evaluate the risk associated with education, body
weight, and smoking, which are not documented in the
NHIRD. Despite these limitations, the present study is
the first nationwide population-based study to focus on
the association between cataract and GKRS. The results
provide valuable evidence of the medical radiation haz-
ards to the lens of the human eye.
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Conclusions

In conclusion, this 10-year retrospective nationwide
population-based study, using the NHIRD in Taiwan,
shows that GKRS and CT/angio may be independently
associated with a significantly increased risk of cataract
occurrence in the 30-50-year-old age group. We suggest
routine dosimetry measurement of eye lens and proper
protection for patients with benign lesions during GKRS.
Regular follow-up imaging studies should avoid the use
of CT/angio, and particular care should be taken in the
30-50-year-old age group.
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