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Abstract

Background: There is limited data regarding the incidence, timing, and risk factors for ocular complications after proton

radiation (RT) for childhood brain tumors. Methods: We performed a single-institution retrospective review of children treated

with protons for brain tumors. Data abstracted included demographics, radiation details and ocular complications. Results: Of

81 children treated with protons for brain tumors, from 2010-18, 42 with ophthalmology data available, were included. Median

age was 8.3 years (y) (0.8 – 20.6y) and median follow- was 2.1 years. Ocular complications were detected only in patients

who received craniospinal irradiation (CSI). The incidence of ocular complications was 19% (8/42 patients) overall, and 62%

(8/13) after craniospinal irradiation (CSI). Bilateral cataracts were detected at a median of 3.2 y post-CSI, with an incidence

of 38% (5/13). Dry eyes were detected in 23% (3/13) of patients during or soon after CSI (0.04 and 0.7y post-RT). The median

radiation dose (Gray RBE) to the lenses for patients with cataract was 29.3 Gy (19.41 – 38.07), and with dry eyes was 27.93

Gy (11.98 – 28.71) (mean doses to bilateral ocular structures). Multivariable analysis identified CSI as a significant risk factor

for cataract and ocular complications overall. Conclusions: Children are at risk for cataract and dry eyes after proton CSI

and need ophthalmology follow-up. Larger prospective studies are needed to validate our findings, identify risk factors, and

formulate strategies for risk-mitigation. Longer follow-up is needed to determine the incidence of late ocular complications and

consequent functional outcomes after cranial proton radiation.

1 I INTRODUCTION

Radiation therapy (RT) has played an essential role in significantly improving outcomes for many pediatric
brain tumors.1-5However these cures come at a cost, with significant radiation-related late effects including
neurocognitive deficits,6second neoplasms,7 cerebral vasculopathy and endocrinopathies,8 even with newer
modalities of radiation like protons.

The Childhood Cancer Survivor Study (CCSS) reported that when compared to their siblings, survivors of
childhood cancer, more than 5 years off-therapy, had more than ten times the risk for cataracts, and more
than double the risk of developing glaucoma, legal blindness and double vision.9 There was a significant dose-
associated risk for these ocular complications, with radiation to the eye. There is an increased risk of cataract
with radiation to the lens, at doses as low as 50 cGy.10 The literature describes an increased risk of ocular
complications like cataract after total body irradiation (TBI) prior to bone marrow transplant,11-16 and after

1



P
os

te
d

on
A

u
th

or
ea

10
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

96
96

10
.0

73
50

24
0

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

orbital radiation for other childhood cancers like sarcomas,17 and retinoblastoma.18However data regarding
these complications for children with brain tumors who receive radiation, is more limited. Moreover, the
existing literature pertains to patients treated with “photon” radiation, treated largely prior to the advent of
modern techniques which deliver radiation more precisely. There is very limited data regarding the incidence
of ocular complications after treatment with protons, a newer modality of radiation, which is now widely
used for the treatment of children with brain tumors, due to absence of an exit dose and the potential to
spare healthy tissue that is not in the target field.19

The primary aim of our study was to determine the incidence, timing and risk factors for the development
of ocular complications in children with brain tumors after proton radiation, to better inform screening and
follow-up, as well as to devise strategies to minimize the risk of these late-effects. The secondary aim was
to describe the visual function of children after the completion of treatment that included cranial radiation,
for brain tumors.

2 I METHODS

This study was a retrospective review of a cohort of children, younger than 21 years of age at the time of
receiving cranial proton radiation, for tumors of the central nervous system (CNS). All patients received
oncology care at the Jimmy Everest Center for Cancer and Blood Disorders (University of Oklahoma Health
Sciences Center), proton radiation at ProCure Proton Therapy Center, and ophthalmology follow-up for
all but 1 patient, at the Dean McGee Eye Institute (DMEI) in Oklahoma City. Data was extracted from
patient charts regarding demographic and clinical details, including diagnosis and treatment. Patients with
ophthalmology data available were included in the final analysis. For each patient, complete details of the first
and last formal eye exam, were recorded. Their ophthalmology charts were reviewed for details regarding the
detection and management of 4 complications: cataract, dry eyes, retinal changes (pigmentation, scarring,
mottling, hemorrhage, vaso-occlusion) and glaucoma. The severity of dry eyes was graded as mild if no
treatment was needed, moderate if artificial tears were prescribed, and severe if serum tears, cyclosporine
ophthalmic suspension or punctal plugs were required. For patients found to have an ocular complication,
previous visit notes were reviewed to determine the time when it was first detected. Finally, visual acuity
for each eye, at the first and last eye exams, were recorded and compared. Radiation treatment details
documented were the planning treatment volume, radiation dose in Gy (Gray) RBE (relative biological
effectiveness) in total, as well as to the lens, cornea, and lacrimal glands on each side. Patients who did not
have ophthalmology data available, were excluded from the study.

Descriptive statistics were computed for all demographic and clinical variables. Patients included in the
study were compared with those excluded due to lack of ophthalmology data, for differences in distribution
by gender, age at radiation, tumor location and radiation volume. Multivariable analysis was performed to
identify significant risk factors for the development of ocular complications after cranial proton radiation.
Categorical variables such as gender, tumor location, and radiation volume were compared between groups
using the Chi-square test or Fisher’s Exact test, as appropriate. Continuous variables such as age at radiation
start, mean dose to lens, retina, and cornea were assessed for normality using the Shapiro-Wilk test, and
group comparisons were made using Student’s t-test, or Wilcoxon-Mann-Whitney test, as appropriate.

3 I RESULTS

3.1 I Patient characteristics

Of 81 consecutive children treated with proton radiation for brain tumors, at a single institution, 42 patients
with ophthalmology exam records available, were included in the study. There was no significant difference
between included and excluded patients in distribution by gender, age at start of radiation, tumor location
(supratentorial or infratentorial), and radiation volume (CSI or IFRT or WVI) (Supplementary Tables 1a
and 1b).

The demographic and clinical characteristics of the study patients are summarized in Table 1. There was
nearly an equal distribution of patients by gender. The median age at start of radiation was 8.3 years and
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median follow-up from the end of radiation to the last ophthalmology exam, was 2.1 years. Most patients
had supratentorial tumors (60%; 25/42 patients). Nearly a third of patients (31%; 13/42 patients) received
CSI and most of the other patients received involved-field radiation therapy (IFRT). Median radiation dose
to the lenses for the 13 patients who received CSI, was 22.68 (range 11.99 – 38.07) Gy RBE. Of the 29
patients with a radiation volume other than CSI (IFRT or WVI), only 5 patients received any radiation to
their lenses, with a significantly lower dose ranging from 0.01 – 7.85 Gy RBE (values represent the mean
dose to right and left lenses).

Post-radiation ocular complications occurred in 8 patients (19%; 8/42), all of whom received whole brain
radiation as part of CSI (62%; 8/13). The characteristics of patients who developed ocular complications
are summarized in Tables 2 and 3.

3.2 I Cataract

Five patients developed bilateral cataracts at a median duration of 3.2 years (1.2 – 5.1 years) after completion
of radiation (Table 3). All these patients received CSI for embryonal tumors (4 medulloblastoma, 1 primitive
neurectodermal tumor/PNET). The incidence of cataract was 12% (5/42) in the cohort overall, and 38%
(5/13) for those who received CSI. Four patients had posterior sub-capsular cataracts, with details not
available for 1 patient who died due to disease, a few months after cataract detection at an outside center.
Three patients underwent cataract surgery.

Of the 5 patients with cataracts after CSI, 2 each received 23.4 and 36 Gy RBE, and 1 received 25.2 Gy
RBE to the whole brain and spinal cord, with a median of 29.3 Gy to the lenses. The median radiation dose
to the lens for patients with cataract was significantly higher than that for patients without cataract (Table
4).

Multivariable analysis identified CSI radiation volume, infratentorial tumor location and the use of radiosen-
sitizer chemotherapy as significant risk factors for the development of cataract (Table 5) and ocular compli-
cations overall (cataract and dry eyes) (Supplementary Table 2). All 5 patients who developed cataract after
CSI, had infratentorial tumors, and 4 received radiosensitizing chemotherapy (2 Vincristine, 1 Carboplatin
and Vincristine, 1 Temozolomide and Irinotecan). Of the 13 patients in the cohort who received CSI, 12 had
infratentorial tumors (10 medulloblastoma, 1 mucoid spindle sarcoma, 1 primitive neurectodermal tumor in
the cervical spinal cord). All 10 patients with medulloblastoma received weekly Vincristine during radiation,
and 1 received additional Carboplatin.

One patient with craniopharyngioma, with a normal eye exam prior to radiation, developed left retinal
scarring 2.2 years after, and cataract 3.5 years and 4.7 years in the left and right eyes, respectively, after
IFRT. She received both photon and proton radiation, and hence was excluded from analysis.

3.3 I Dry eyes

Three patients developed dry eyes after receiving CSI (Table 2). One patient had severe dry eyes requiring
cyclosporine ophthalmic suspension towards the end of radiation, with subsequent resolution during follow-
up. The second patient had moderate dry eyes requiring artificial tears 2 weeks after finishing radiation, and
the last patient developed mild dry eyes ˜8 months post-radiation but did not need any treatment.

Amongst these 3 patients, there was no correlation of severity of dry eyes and the radiation dose to the lenses,
lacrimal glands, and cornea, as the patient with mild dry eyes received higher doses to these structures.
However, all 3 patients did receive significant radiation to these ocular components, with the median of the
average (right and left eyes) dose to the lenses, lacrimal glands and corneas being 27.93 (11.98 – 28.71),
36.96 (25.12 – 47.49) and 30.78 (25.08 – 36.49) Gy RBE, respectively.

3.4 I Retinal changes and glaucoma

As mentioned previously, one patient with craniopharyngioma who developed scarring and pigmentation in
the left retina, 2.2 years after RT, with a normal eye exam prior to radiation, but was excluded from analysis,
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because she received both photon and proton radiation. Another patient was found to have retinal scarring,
but on an exam prior to radiation. No patients in our cohort were found to have glaucoma.

3.5 I Visual acuity

In the cohort overall, at last ophthalmology follow-up, visual acuity (VA) in the best eye, was better than
20/60 for a majority of patients, with 17 patients (40%) having 20/20 VA, and 13 (31%) with acuity less
than 20/20, but better than 20/60. Vision was severely compromised for 6 patients (14%) in the cohort, 3
with VA of 20/100 and 3 with VA 20/300 or worse. Acuity was not specified for 6 patients (14%) (4 not
recorded, 2 “fix and follow”).

Comparing right and left eye for each patient, visual acuity was the same or similar (< 20/40 difference) in
both eyes for 71% (30/42: 15 same and 15 similar) of patients, different (difference in VA > 20/40 < 20/120)
for 10% (4/42), and very different (difference in VA > 20/200) for the 2 eyes, for 10% (4/42) of patients.

Of the 13 patients with a formal eye exam prior to radiation, change in VA post-RT varied without a clear
pattern. At last exam, for the right eye, acuity was worse for 5, the same for 5, and better for 3. For the
left eye, VA was worse for 4, same for 7, and better for 2 patients.

4 I DISCUSSION

Our study describes the incidence of 4 ocular complications - cataract, dry eyes, retinopathy, and glaucoma,
in early follow-up after cranial proton radiation. It also provides a snapshot of visual function for childhood
brain tumor survivors after completion of treatment that includes proton radiation. For patients who receive
whole brain radiation, as a part of CSI, the incidence of bilateral cataracts is significant, even with limited
follow-up. Nearly two-thirds of patients in our cohort who received this volume of radiation, developed
cataracts. In addition, nearly a quarter of these patients developed dry eyes during or shortly after CSI.
Multivariable analysis identified CSI radiation volume as a significant risk factor for the development of
cataract and ocular complications overall (cataract and dry eyes). In contrast, patients who did not receive
whole-brain radiation, did not have ocular complications that could be attributed to radiation. Only 1
patient who received IFRT for craniopharyngioma, developed retinal scarring and bilateral cataracts, but
had to be excluded due to having received both photon and proton radiation. No other patient was found
to have retinal scarring, and none had glaucoma.

Infratentorial tumor location and the use of radiosensitizer chemotherapy were also found to be significant
risk factors for the development of cataract and ocular complications overall. However, all patients with
these 2 variables, who developed cataract or dry eyes, also received CSI radiation volume, making them
likely confounding factors, although this could not be tested statistically. For whole brain radiation (CSI),
the proton beam enters through the posterior aspect of the brain and ends at the eyes, to ensure adequate
coverage of the planning target volume. Hence the lenses of the eyes receive some radiation. The relative
biological effectiveness (RBE) for protons is postulated to be 1.1 compared to photons. However, depending
on the area relative to the Bragg peak, it is possible that the RBE might be higher, with an increased
linear energy transfer (LET), and potentially higher doses to tissues in the vicinity of the target volume.20

Our finding of significantly increased risk of cataracts with whole brain radiation, is consistent with the
literature. A study of long-term survivors in the Childhood Cancer Survivor Study (CCSS), reported an
increased risk for cataracts with radiation dose to the lens greater than, as little as 200 cGy, with a relative
risk of 3.2, compared to their siblings.9Steroid treatment has been described to be significantly associated
with an increased risk for cataracts in leukemia survivors who received TBI, while other literature has shown
a lack of significant risk in the absence of CNS irradiation.11,21 Busulfan in the setting of conditioning for
bone marrow transplant, with TBI, has also been reported to increase the risk for cataracts.14,22None of the
patients in our cohort received Busulfan. However, all patients in our cohort who received CSI for embryonal
tumors, also received dexamethasone as an anti-emetic prior to chemotherapy, making it a confounding factor.

At last follow-up, after completion of all treatment, nearly three in four patients in our cohort had a visual
acuity in their best eye, better than 20/60. Only 3 patients had VA in both eyes, worse than 20/100. In the
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Childhood Cancer Survivor Study (CCSS), any radiation dose to the posterior fossa, more than 3000 cGy to
the temporal lobe and more than 500 cGy to the lenses, were associated with increased risk of legal blindness
at a median of 1 year from cancer diagnosis.9 However, the patients in the CCSS cohort received radiation
prior to the advent of more targeted techniques like intensity modulated radiation therapy (IMRT), and the
use of protons. That study also had a much larger number of patients, with more heterogeneous diagnoses
and longer follow-up.

Our study had several limitations. Our study was retrospective and relied on data recorded in medical
records, with missing or limited details. All patients received radiation and oncology care at a single institu-
tion, limiting the generalizability of our findings. Most patients in our cohort, did not have ophthalmology
exam data from prior to radiation. Most patients’ ocular complications were detected at their first formal
eye exam post-radiation. Hence the true time to develop these complications could not be accurately de-
termined, and they were presumed to have occurred after radiation. While our study provides a glimpse
of ocular function in childhood brain tumor survivors after treatment, the absence of pre-treatment visual
acuity data for most patients precluded the analysis of the change of visual function with treatment. Very
few patients had eye exam data during or shortly after radiation, limiting the analysis of the true incidence
of dry eyes, as an acute adverse effect of radiation. Parsons et al. reported a significant increase in the risk
of severe dry eyes at ocular radiation doses higher than 40 Gy.23,24 In the CCSS study, the median time to
the development of dry eyes was 7.2 years, with a cumulative incidence of over 5% for survivors of primary
CNS malignancies.9 The long-term incidence of dry eyes after protons could not be elucidated in our study
due to the limited duration of follow-up.

Nearly half the patients in our cohort of consecutive patients who received protons for brain tumors, did not
have ophthalmology data available, which creates the potential for inclusion bias. Our statistical analysis,
however, suggests the excluded patients were similar to study patients in gender, age at radiation, tumor
location and volume of radiation. The ophthalmology follow-up for our cohort was relatively short, and hence
our results do not provide insight into the incidence of more delayed ocular complications after radiation. In
the CCSS cohort, patients who received more than 500 cGy to the lens, the incidence of cataracts continued
to increase up to 20 years after diagnosis.9 The lack of long-term follow-up also limited our analysis of the
functional outcomes for patients who developed ocular complications.

Our study findings highlight the need for larger prospective, multi-institutional pediatric CNS tumor trials, to
include regular, formal ophthalmology exams prior to and after radiation, with longer follow-up, to determine
the true incidence of these complications and their impact on visual function for these children. This would
help inform ophthalmology screening guidelines for these patients, and also radiation planning to mitigate
the risk of these adverse effects when possible.
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