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Purroske. To define the temporal relationship of vascular versus neuronal abnormalities
in radiation retinopathy.

MerHops. Twenty-five patients with uveal melanoma treated with brachytherapy and
sixteen controls were tested. Functional outcome measures included visual acuity and
threshold perimetry (HVF 10-2), while structural outcomes included retinal thickness by
OCT and vascular measures by OCT angiography and digital fundus photography. The
degree of structural abnormality was determined by intereye asymmetry compared with
normal subject asymmetry. Diagnostic sensitivity and specificity of each measure were
determined using receiver operating characteristic curves. The relationships between the
outcome measures were quantified by Spearman correlation. The effect of time from
brachytherapy on visual function, retinal layer thickness, and capillary density was also
determined.

Resutrrs. Within the first 2 years of brachytherapy, outcome measures revealed visual field
loss and microvascular abnormalities in 38% and 31% of subjects, respectively. After 2
years, they became more prevalent, increasing to 67% and 67%, respectively, as did retinal
thinning (50%). Visual field loss, loss of capillary density, and inner retinal thickness were
highly correlated with one another. Diagnostic sensitivity and specificity were highest for
abnormalities in digital fundus photography, visual field loss within the central 10°, and
decrease in vessel density.

Concrusions. Using quantitative approaches, radiation microvasculopathy and visual field
defects were detected earlier than loss of inner retinal structure after brachytherapy.
Strong correlations eventually developed between vascular pathology, change in retinal
thickness, neuronal dysfunction, and radiation dose. Radiation-induced ischemia seems
to be a primary early manifestation of radiation retinopathy preceding visual loss.
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-Plaque brachytherapy is widely used to treat uveal
melanoma, the most common form of primary intraoc-
ular cancer in adults.! With this therapy, local tumor control
is achieved in 95% or more cases,>> making it the preferred
treatment for patients with medium-sized melanomas desir-
ing globe-sparing therapy; however, at least 50% of patients
will develop significant vision loss within 3 to 5 years of
their radiation therapy.*~” Although a number of conditions
(i.e., radiation-induced cataracts and keratopathy) contribute
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to morbidity after brachytherapy,®® the long-term adverse
effects have been attributed largely to damage of the reti-
nal, choroidal, and optic nerve vasculature.!® This finding
is consistent with reports of extensive microvascular pathol-
ogy, including capillary loss more than 24 months after ther-
apy, as shown by the Collaborative Ocular Melanoma Study
and other trials.”>!! It has been postulated that the subclin-
ical, acute radiation damage to the vascular endothelium
precedes later stage, occlusive microvasculopathy and leads
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to vision loss.!? However, the temporal relationship between
the appearance of retinal and vascular pathology has not
been established conclusively in humans.

The advent of optical coherence tomography angiog-
raphy (OCT-A) for high-resolution imaging of the retinal
microvessels has allowed for a more detailed understand-
ing of microvascular pathology, especially capillary drop-
out, and expanded the knowledge provided by the Collabo-
rative Ocular Melanoma Study reports, which used fluores-
cein angiography.>~'¢ In particular, a loss of capillaries in
the superficial and deep capillary plexuses of the parafoveal
area has been reported after '°I-plaque brachytherapy.'3-1°
However, because the development of vasculopathy has only
been compared with measures of visual acuity, a measure
of foveal function, there is a need for visual field testing
within the macula to better characterize the time course for
neuronal dysfunction and its relationship to microvasculopa-
thy.

Here, we leverage readouts of visual acuity, automated
threshold perimetry, digital fundus photography, OCT, and
OCT-A to determine the effect of time from radiation ther-
apy, dose, and spatial location within the retina on radiation
retinopathy. Moreover, we incorporate each patient’s OCT-A
scan into our dosimetry models to calculate radiation dose
distributed to the same macular locations in which vascular
and neuronal readouts were obtained.

METHODS

Study Subjects

Patients with uveal melanoma treated with '*I-plaque

brachytherapy were consecutively enrolled from the Retina
and Vitreous Clinic at the University of Iowa Hospital
and Clinics. All subjects provided written informed consent
before screening or initiation of any procedures. The study
protocol was approved by the University of Iowa Institu-
tional Review Board for Human Use and followed the tenets
of the Declaration of Helsinki. Patients were enrolled and
imaged once at time points ranging from 2 weeks to 13 years
after plaque removal. Exclusion criteria included melanoma
involving the central macula, exudative AMD, severe macu-
lar edema that interfered with OCT retinal layer segmen-
tation, cataract interfering with the quality of retinal imag-
ing, restriction in ocular motility, severe central vision loss
(worse than 20/200 and/or inability to track a central fixa-
tion point), glaucoma with field loss within the central 10°,
or disease of the contralateral eye preventing its use as a
within-subject control. The presence of diabetic retinopa-
thy was not an exclusion factor. Complete sets of OCT-A
scans and visual field testing were obtained in 47 patients. Of
these 47 patients, interpretable data with all testing modal-
ities were generated in 25 patients and used for further
analysis. Six patients were excluded after testing owing to
significant image artifact, especially motion artifact, exces-
sive blinking, and vitreous opacities interfering with image
quality; 10 because of technical inability to segment the OCT
volume scans owing to severe macular edema or wet macu-
lar degeneration; 3 owing to unavailable visual fields; and
3 owing to unavailable radiation dosimetry records.
Control subjects were recruited by advertisements within
the University of Iowa Hospitals and Clinics. Control subjects
were prescreened by OCT (Cirrus HD-OCT 5000, Carl Zeiss
Meditec, Inc. Dublin, CA) for normal retinal nerve fiber
and ganglion cell layer thickness. Subjects were considered
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normal if their retinal nerve fiber layer thickness (by 36 mm?
Optic Disc Cube 200 x 200 scan) and ganglion cell layer
(by 36 mm? Macular Cube 200 x 200 scan) fell within the
5th and 95th percentile range of the age-matched norma-
tive database. OCT-A scans were obtained in both eyes of
16 normal control subjects. The variability of the intereye
ratio between control subjects was calculated by coefficient
of variation (mean + SD).

Acquisition and Analysis of OCT/Angiography
Scans

A single 6 x 6 mm? OCT-A scan centered on the foveal
avascular zone (FAZ) was acquired in both eyes of each
subject (Optovue XR Avanti System, Optovue, Inc., Fremont,
CA). The size of the superficial retinal FAZ and the percent
vessel density of the parafoveal region, defined as a
300-um ring around the FAZ demarcated by the device soft-
ware (AngioVue, v.2018.0.0.18, Optovue, Inc.), were auto-
matically calculated and reported by the device software.

OCT-A images were processed manually in ImageJ'’
(v. 1.52p; National Institutes of Health, Bethesda, MD) to
optimize the signal-to-noise ratio, and to equally weight
large and small vessels, as follows (Supplementary Fig. 1).
First, the scan of the treated eye was histogram matched
(Bleach Correction, Histogram Matching'®) to the scan of
its fellow eye. Next, the background signal, determined by
sampling the signal in the FAZ,'%20:21 was subtracted from
the total image. The vasculature was sharpened using the
Tubeness** plugin (6 = 1.75). Then, images were bina-
rized using the mean thresholding method, so that vessels
were represented by white pixels on a black background.
Finally, the image was skeletonized (Binary > Skeletonize)
to equally weight all vessels.?> The number of white pixels
was counted and divided by the total number of pixels to
yield vessel skeleton density.

Fractal dimension!?#3-2® and lacunarity, quantitative
measures of vascular network integrity, were calculated
using the Image] plugin FracLac (Sliding Box Lacunar-
ity Analysis function).’® Processed images were opened in
the plugin and analyzed using the following parameters:
20 sizes, default sampling sizes, minimum size 5 pixels, maxi-
mum percent of image 0, and smooth box counting filter on.
These settings were selected following an iterative analysis
of data from the control group.

Separately, pseudocolored, two-dimensional macular
maps of avascular (red), hypovascular (orange), and normal
(green) vascular areas were generated using a novel deep
learning-based approach.>! Briefly, the retinal layers were
first segmented in the corresponding SD-OCT volumes using
a previously developed graph-based layer segmentation
algorithm and included the retinal nerve fiber layer to the
inner plexiform layer. OCT-A en face images were generated
using the maximum intensity from the corresponding SSADA
data, then unified to a 480 x 480-pixel resolution. A U-Net—
derived deep neural network with VGG11-like encoder?33
was trained to predict the three regions from the OCT-A en
face images. This network outputs independent probabilities
for each of the grades over the entire scan area.

Spectral domain-OCT volume scans were segmented to
provide inner and total retinal thickness of the area imaged
by OCT-A. Scans were processed using retinal segmentation
methods described previously,>**> which yield a continuum
of values across the imaged area. The mean thickness for the

21,29
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inner retinal layer (including the retinal nerve fiber layer to
the outer border of the inner plexiform layer) and the total
retinal thickness were calculated for the macula of each eye.

All OCT-derived measurements were reported as the ratio
of the treated eye to the fellow eye. In a randomly selected
50% of the control subjects, the ratios were calculated as
right over left, and as left over right in the remaining 50%.
For each measurement of vascular and neuronal pathology,
a data point was defined as normal if within the range of
the mean + 3 SDs of ratio values in normal subjects.

Static Automated Perimetry

The Swedish Interactive Threshold Algorithm standard auto-
mated perimetry was performed with a Humphrey Field
Analyzer (Humphrey Field Analyzer Model 750i, Carl Zeiss
Meditec, Inc., Dublin, CA) using the 10-2 protocol (2° grid
spacing of stimuli across a 10° radius visual field using a
size III light) on the treated eye. All patients had reliable
visual fields, defined as fewer than 33% of fixation losses,
false-positive results, and false-negative results. For analysis,
a field was defined as abnormal if the mean deviation and/or
pattern SD had a P value of 5% or less from the analyzer’s
built-in set of age-matched normative data.

Visual Acuity

The best-corrected Early Treatment Diabetic Retinopathy
Study (ETDRS) visual acuity of the treated eye was measured
at the time of scan acquisition and compared with visual
acuity at the time of diagnosis. An abnormal logMAR visual
acuity at scan acquisition was defined as a loss of two or
more ETDRS lines compared with the time of tumor diagno-
sis.

Qualitative Clinical Assessment of Radiation
Retinopathy

Digital color fundus photographs were taken with a Topcon
TRC 50-DX retinal camera (Topcon, Tokyo, Japan), which
generated an image size of 2392 x 2048 pixels from an OIS
full frame 36 mm sensor, with an effective resolution of 4.89
megapixels. The images were evaluated and viewed with
Zeiss Forum software (Carl Zeiss Meditec, Inc.) using a 27-
inch, 5120 x 2880-pixel built-in retina display (Apple Corp,
Cupertino, CA).

Two expert examiners (EMB, RHK) independently evalu-
ated the presence of radiation retinopathy within the macula
between the superior and inferior temporal retinal arte-
riole arcades. The examiners were masked to the treat-
ment details and time point of the radiation treatment. The
images were classified as abnormal if any of the following
features of radiation retinopathy were detected within the
macula (defined by the temporal vascular arcades): intrareti-
nal hemorrhages, microaneurysms, sclerotic vessels, telang-
iectatic vessels, cotton wool spots, or hard exudates.

Further, OCT volume scans (OCT Spectralis, Heidelberg
Engineering, Franklin, MA) were evaluated (by EMB) for
radiation retinopathy. Scans were classified as abnormal if
any of the following features of radiation retinopathy were
detected: intraretinal or subretinal fluid or abnormal retinal
thickening.
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Dosimetric Calculations

The average dose to the imaged macula area was calcu-
lated for each patient with the ocular brachytherapy plan-
ning software Plaque Simulator (v.6.6, EyePhysics, LLC, Los
Alamitos, CA). For each patient, a three-dimensional model
was constructed using their OCT-A scan, fundus photo-
graph, tumor dimensions, and radiation prescription. Total
dose was calculated at 81 points across the 6 x 6 mm?
scan and averaged to yield the mean macula dose. Addi-
tional, commonly reported dose characteristics (dose to the
prescription point, tumor apex, optic disc, and foveola) were
obtained from each patient’s clinical radiotherapy treatment
plan, calculated using TG-43 methods.>

Statistical Analysis

Spearman correlation (two-tailed, 99% confidence interval)
was used to identify relationships between each outcome
measure. Fisher’s exact test (two-tailed, 99% confidence
interval) was used to identify significant differences between
measures grouped by time after radiotherapy. Kruskal-Wallis
ANOVA with Dunn’s multiple comparisons test was used
to compare bevacizumab treatment groups. Area under the
receiver operator characteristic curves for radiation retinopa-
thy, defined by either an abnormal visual field test or a digital
fundus photograph with signs of radiation retinopathy, was
calculated for each outcome measure. All statistical calcu-
lations were performed using GraphPad Prism (v.8.2.1 for
Windows, GraphPad Software, San Diego, CA).

REsuLTS
Patient Population

Of the 47 patients enrolled, complete datasets were obtained
from 25 (Fig. 1). The average age of the patients was
61 years, and 68% were male (Table 1). In the patient popu-
lation, 24% had hypertension, 16% had diabetes mellitus,
and 8% had both diabetes and hypertension. The average
time from treatment was 33 months. All patients had tumors
involving the choroid, with 20% involving the ciliary body
and 16% the peripapillary region (Supplementary Table 1).
A prophylactic bevacizumab injection was given at plaque
removal in 52% of patients (Supplementary Table 2). The
average dose to the macula was 48 Gy. The mean age of the
16 normal control patients was 49 years, 44% were males,
and 13% had hypertension (Table 1).

Method Validation

The normal range for each test was calculated as the mean
+ 3 SDs in the normal control group (Table 2). The vari-
ability (coefficient of variation) of the intereye ratio was 5%
or less for vessel skeleton density, fractal dimension, lacu-
narity, inner retinal layer thickness, total retinal thickness,
and normal area (data not shown). Variability was highest
for avascular area, hypovascular area, and FAZ area owing
to asymmetry between normal eyes.

To further validate our methods, receiver operator charac-
teristic curves for each measurement were calculated using
an abnormal visual field test or presence of features of
retinopathy on fundus photography as criteria for presence
or absence of radiation retinopathy (Table 3). The areas
under the curve (AUCs) between the two diagnostic factors
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Ficure 1. Imaging modalities to assess radiation retinopathy. Representative images from treated and fellow eyes of an early stage patient
(3 months after treatment, left) and late-stage patient (72 months after treatment, righ?). (A) Digital fundus photographs centered on the
fovea. (B) A 6 x 6 mm? OCT-A scans (Optovue) of the superficial retinal microvasculature. Scans were used to calculate FAZ size, parafoveal
density, vessel skeleton density, fractal dimension, and lacunarity. (C) Maps of vascularity with avascular (red), hypovascular (orange), and
normal (green) areas determined by a trained neural network. (D) OCT-B scans (Optovue) selected from the segmented volume scan used to
calculate retinal thickness maps (E) using custom segmentation methods. Red lines are at the inner limiting membrane, green segmentation
lines are at the posterior boundary of the inner plexiform layer, and blue lines are at the posterior boundary of the retinal pigment epithelium
complex. Scale bars given in pm. (F) Results of 10-2 visual field testing of the corresponding 6 x 6 mm? area in the irradiated eye showing
the probability plot compared with normal eyes.
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TaBLE 1. Subject Demographics

Features Patients, No. (%), n = 25 Controls, No. (%), n = 16
Age (years), median (mean, range) 61 (61, 28-83) 47 (49, 35-67)
Caucasian race 25 (100) 16 (100)
Sex

Male 17 (68) 7 (449

Female 8 (32) 9 (56)
Medical history

Hypertension 6 (24) 2(13)

Diabetes mellitus 4(16) 0 (0)

Diabetes mellitus and hypertension 2(® 0O

Diabetes mellitus and diabetic retinopathy* 1@ 0 (0)
LogMAR visual acuity, median (mean, range)

Time of diagnosis 0.04 (0.06, -0.10-0.40) NA

Time of study visit 0.04 (0.12, -0.08-1.00) NA
Months post-treatment, median (mean, range) 18 (33, 0.25-143) NA

" Diagnosis was determined by a single microaneurysm in each eye seen on digital fundus photograph.

TasLe 2. Normative Range for Outcome Measures

Measurement Right Eye, # + 30 Left Eye, # £+ 30 Intereye Ratio,” # (# - 30, pu + 30)
FAZ area 0.256 + 0.355 0.253 £ 0.348 1.051 (0.346, 1.756)
Parafoveal vessel density 53.57 £ 14.56 55.42 £ 9.29 1.040 (0.780, 1.300)
Vessel skeleton density 12.215 £ 0.849 12.246 + 0.861 1.003 (0.955, 1.051)
Fractal dimension 1.042 £+ 0.009 1.043 + 0.007 1.000 (0.995, 1.005)
Lacunarity 0.051 £ 0.006 0.050 £ 0.005 0.9886 (0.834, 1.144)
Normal area 0.969 + 0.021 0.972 £+ 0.020 0.996 (0.973, 1.018)
Hypovascular area 0.025 £ 0.046 0.030 £+ 0.099 1.056 (0.002, 2.110)
Avascular area 0.017 £ 0.012 0.016 £+ 0.013 1.057 (0.554, 1.559)
Inner retinal layer thickness 0.108 £+ 0.021 0.110 £+ 0.021 0.996 (0.926, 1.066)
Total retinal thickness 0.301 £ 0.037 0.302 £+ 0.039 0.998 (0.965, 1.030)
Visual field mean deviation (dB)" NA NA NA

M, mean; o, SD.

*Mean and SD calculated using intereye ratios (randomly assigned 8 OD/OS and 8 OS/OD for total of 16 control subjects).

Visual fields are obtained in each patient’s treated eye only, as results are automatically compared with the manufacturer’s age-matched
normative database.

TasLe 3. AUC

AUC
Measurement Visual Field Retinopathy Diagnosis
Vascular pathology
FAZ area 0.808 0.771
Parafoveal density 0.769 0.813
Vessel skeleton density 0.776 0.868
Fractal dimension 0.789 0.875
Lacunarity 0.750 0.819
Normal area 0.878 0.840
Hypovascular area 0.776 0.924
Avascular area 0.891 0.861
Retinal pathology
Inner retinal layer thickness 0.897 0.604
Total retinal thickness 0.827 0.569
Visual outcomes
AlogMAR visual acuity’ 0.641 0.795
Visual field mean deviation (dB) NA 0.754
Clinical assessment
Fundus photograph evaluation® 0.715 NA

"ROC curves were calculated based on either abnormal visual field or diagnosis of radiation retinopathy by fundus photography.

T AlogMAR visual acuity is defined as the difference between visual acuity at time of diagnosis and time of study visit.

¥ Color fundus photographs were evaluated for features of radiation retinopathy within the central 10° of the macula by two independent
physician experts masked to the treatment details and time point after treatment.
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Figure 2. FAZ area and parafoveal density in patients after >>I-plaque brachytherapy. (A) Representative 6 x 6 mm? OCT-A scan used to
determine the FAZ area (center ring) and parafoveal density (outer ring) using the Optovue software. (B) Ratio of FAZ area in the treated
(Tx) to the normal control (Fellow) eye for 25 patients as a function of time after treatment. (C) Ratio of parafoveal density as determined in
(B). For (B and C), data points are color coded by mean dose to the macula, and the normal range for intereye asymmetry (3 SD) determined
from a control group of normal subjects is shown in grey. Data point corresponding to image indicated by an open square.

were similar for most measures. Most vascular measures had
higher AUCs by radiation retinopathy diagnosis; similarly,
the AUCs for retinal thickness were higher when abnormal
visual field was used as the diagnostic factor. The highest
AUCs were seen for our novel vascularity calculations, and
inner retinal layer thinning with abnormal visual field as the
diagnostic factor (AUC = 0.897).

Radiation Microvasculopathy by OCT-A

To identify the most sensitive OCT-A metric to detect
early radiation retinopathy, we analyzed images from the
13 patients that were imaged within the first 2 years after
brachytherapy. Parafoveal density and FAZ area, despite
having been previously reported as early indicators of
vascular pathology,!> were abnormal in 1 of 13 and 2 of
13 patients, respectively (Fig. 2, Table 4). The structure and
organization of the microvessel network, described by vessel
skeleton density (Fig. 3A-C), fractal dimension (Fig. 3A, B,
D), and lacunarity (Fig. 3A, B, E), was abnormal in three,
three, and one patient, respectively. By our novel pixel-based
deep learning approach,’! we identified four patients with
abnormal hypovascularity (Fig. 4A, B, D), avascularity (Fig.
4A, B, E) and normal vascularity (Fig. 4A, B, O).

For the 12 patients imaged at 2 years or later after
brachytherapy, pathology was detected by every measure.

Parafoveal density and FAZ area were the least frequent
abnormalities (42% and 33%, respectively; Table 4). All other
measures of vascular density decreased similarly over time,
with the greatest number of patients (67%) deemed abnor-
mal by our machine learning-derived measures of vascular-
ity. Lacunarity was the only measure of vascular abnormality
that was significantly worse in the group imaged more than
2 years after radiation treatment compared with the group
imaged less than 2 years after radiation treatment (P = 0.011
by Fisher’s exact test; Table 4).

Change in Retinal Thickness by OCT Volume

Because a change in retinal thickness is a clinical marker of
radiation retinopathy,>”3® we segmented OCT volume scans
to measure the thickness of the inner retinal layers and
the total retina in the same area of the macula that was
analyzed for vascular abnormality (Fig. 5A-C). In 5 of the
13 patients who were imaged within the first 24 months
after brachytherapy, retinal thickening as a result of inner
retinal thickening, edema, or fluid collections was present.
Abnormal thinning was observed in one patient who was
imaged within the first 2 years after brachytherapy (Fig. 5D—
E). There was no overlap between abnormal retinal thick-
ness and abnormal vascular features in this time period.
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Abnormal,” 7 (%)

Measurement < 24 Mo > 24 Mo Overall P Value'
Vascular pathology
FAZ area 2 (15) 4 (33) 6 (24) ns
Parafoveal density 108 5 (42) 6 (24) ns
Vessel skeleton density 3(23) 7 (58) 10 (40) ns
Fractal dimension 3 (23) 7 (58) 10 (40) ns
Lacunarity 1(® 7 (58) 8 (32) 0.011
Normal area 4 (3D 8 (67) 12 (48) ns
Hypovascular area 43D 7 (58) 11 (44) ns
Avascular area 4 (31) 8 (67) 12 (48) ns
Retinal pathology
Inner retinal layer thinning 1(® 6 (50) 7 (28) 0.030
Total retinal thinning 18 5 (42) 6 (24 ns
Inner retinal layer thickening® 5 (38) 4 (33) 9 (36) ns
Total retinal thickening 5 (38) 2@a7) 7 (28) ns
Visual outcomes
AlogMAR visual acuity! 2(15) 207 4 (16) ns
Visual field mean deviation (dB)Y 5 (38) 8 (67) 13 (52) ns
Clinical assessment
Fundus photograph evaluation™ 6 (46) 10 (83) 16 (64) ns
Volumetric OCT evaluation” 2(15) 7 (58) 9 (36) 0.041

Data are presented for the entire cohort and for subgroups of patients imaged before 24 months (7 = 13) and after 24 months after

radiotherapy (n = 12).

* A measure is called abnormal if it falls outside of the normal range, defined by the control ratio p £ 30 in Table 2.

* Calculated for comparison of <24-month and >24-month groups by Fisher’s exact test.

 Percent calculated for the entire (7 = 25) cohort; describes the number of subjects abnormal by the last time point.

§ Thickening defined as a thickness ratio that falls above the upper confidence limit of the defined normal range.

I’ Abnormal AlogMAR is defined as a loss of two or more Snellen lines since time of diagnosis.

1 Abnormal visual field defined by a mean deviation and/or pattern SD of P < 5%.

* Radiation retinopathy diagnosis determined by physician evaluation of the central 10° of the macula seen in color fundus photographs.
* Radiation retinopathy diagnosis determined by physician evaluation of volumetric OCT scans of the macula taken as standard of care

on the same day as the color fundus photographs.

For the 12 patients seen at 2 years or later, 50% had a
decreased thickness of the inner retina, and 33% had abnor-
mally increased inner layer thickness (Table 4). Inner reti-
nal layer thinning was also significantly different between
the two groups (P = 0.030 by Fisher’s exact test; Table 4).
All patients with diminished retinal thickness had abnor-
mal vascular features, consistent with decreased capillary
density.

Loss of Visual and Retinal Function by Standard
Automated Perimetry and Visual Acuity

Loss of neuronal function was measured by visual field test-
ing of the central 10° of the retina (Fig. 6A-B), which corre-
sponds with the area analyzed by the other testing modal-
ities. In the first 2 years after radiotherapy, 38% of patients
had abnormal visual fields (Table 4). Two patients with
abnormal visual fields also had abnormal vascular features,
whereas two patients with abnormal visual field had abnor-
mal retinal thickness.

Because the ETDRS visual acuity test has been the stan-
dard clinical measurement of vision loss in studies of radia-
tion retinopathy,” we measured best-corrected visual acuity
and compared it with visual acuity at the date of diagnosis
(Fig. 6C). Only two patients seen in the first 2 years after
brachytherapy had an abnormality by this measure.

For the 13 patients tested at or after 2 years after
brachytherapy, 67% had abnormal visual fields and 17%

abnormal vision by ETDRS (Table 4). All patients with abnor-
mal visual fields also had abnormal vascular features; all but
one had abnormally thinned retinas.

Retinopathy Diagnosis by Qualitative Analysis of
Digital Fundus Photography and OCT

To compare the efficacy of our measurements with qual-
itative clinical assessment, two ophthalmologists indepen-
dently evaluated digital fundus photographs for evidence of
radiation retinopathy within the central 10° of the retina.
There was 96% (24/25) agreement between the two review-
ers. Of the patients tested within the first 2 years after radio-
therapy, 46% met criteria for radiation retinopathy (Table
4). Four of these patients had abnormal vascular features
by OCT-A, three had an abnormal visual field, one had
abnormal thinning of the inner and total retina, and four
had abnormal thickening of the inner and total retina. For
the 12 patients seen 2 years or later after brachytherapy,
83% presented features of radiation retinopathy by fundus
photography. Eighty percent of these patients also had
abnormal vascular features by OCT-A, 70% had abnormal
retinal thinning by OCT, and 80% had abnormal visual fields.

Next, OCT scans taken as a part of the routine clinic
evaluation on the same date as the color photographs at
each patient visit were reviewed for features of radiation
retinopathy. All patients with radiation retinopathy by OCT
had been similarly identified features by fundus photograph;
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FiGure 3. Vessel skeleton density, fractal dimension, and lacunarity in patients after ?>I-plaque brachytherapy. (A) Representative 6 x
6 mm? OCT-A scan and (B) processed image after histogram matching, subtracting background noise defined by the FAZ area signal,
binarizing, and skeletonizing the raw OCT-A scan in Image]J. (C) Ratio of pixel-measured vessel skeleton density in the treated (Tx) to the
normal control (Fellow) eye are plotted as a function of time from treatment. (D) Ratio of fractal dimension and (E) lacunarity determined as
in (C). For (C-E), data points are color coded by mean dose to the macula, and the normal range for intereye asymmetry (3 SD) determined
from a control group of normal subjects is shown in grey. Data point corresponding to image indicated by an open square.

seven patients presented features of radiation retinopathy in
their fundus photographs but not their OCT scans (intrareti-
nal hemorrhage, sclerotic vessels, and/or cotton wool spots).
Diagnosis of radiation retinopathy by OCT was significantly
more common in patients seen at later time points (P = 0.041
by Fisher’s exact test; Table 4).

Timeline to Vascular and Retinal Pathology

Next, we plotted the cumulative fraction of subjects classed
as abnormal by time, to identify a temporal course of pathol-
ogy (Fig. 7). Vascular changes and neuronal dysfunction
were detected in patients imaged as early as 6 months after
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FiGure 4. Regional changes in vascularity in patients after >>I-plaque brachytherapy. (A) Representative 6 x 6 mm? OCT-A scan and
(B) map of graded vascularity that distinguish avascular (red), hypovascular (orange), and normal areas (green). The average probability
value for each category is calculated. (C) Ratios of normal areas in the treated (Ix) and the normal control (Fellow) eye are plotted are
plotted as a function of time from treatment. (D) Ratios of hypovascular and (E) avascular areas determined as in (C). For (C-E) data points
are color coded by mean dose to the macula, and the normal range for intereye asymmetry (3 SD) determined from a control group of
normal subjects is shown in grey. Data point corresponding to image indicated by an open square.

brachytherapy. Increased thickness of the inner retina was
seen as early as 3 months after brachytherapy, whereas thin-
ning was seen in only one patient imaged within the first 2
years after treatment. Signs of radiation retinopathy were
detected by fundus photography in one patient imaged at 3
months; by qualitative analysis of OCT at 8 months. Impor-
tantly, by the latest time point, more patients were classed

as having abnormalities by fundus photograph evaluation
(64%), loss of visual function by 10-2 visual field (52%), and
deep learning-derived vascularity (48%), whereas far fewer
subjects were classed abnormal by FAZ area, parafoveal
density, and change in visual acuity by ETDRS (24%, 24%,
and 16%, respectively). Of note, with the exception of lacu-
narity (P = 0.011), which measures the disruption of pattern
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regularity by the appearance of gaps in the vascular network,
no significant differences between the various approaches to
detect microvasculopathy were seen in the cumulative anal-
ysis (Fisher’s exact test; Table 4).

To substantiate the relationships between the readouts for
vascular and neuronal pathology, we generated a Spearman
correlation matrix (Supplementary Fig. 2). Because both reti-
nal thinning and thickening are expected to correlate with
vascular retinal pathology, the absolute difference between
each patient’s retinal thickness ratio and the mean ratio of
the age-matched control group was calculated, as described

previously.?® As anticipated, the readouts of vascular abnor-
mality strongly correlated with one another, for example,
the vessel skeleton density with fractal dimension, lacu-
narity, normal area, hypovascular area, and avascular area
(P < 0.001). Moreover, absolute changes in the inner retinal
layer thickness correlated with visual sensitivity by visual
field (P = 0.027). Although a change in logMAR visual acuity
correlated with several vascular measures, such as the FAZ
area (P = 0.010), it did not correlate with significance with
absolute change in inner layer or total retinal thickness (P =
0.150 and 0.326, respectively). Neuronal function assessed
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FiGure 6. Visual field defects in patients after 12>I-plaque brachytherapy. (A) Representative result of 10-2 visual field testing probability
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the treated eye plotted as a function of time from treatment. (C) Change in Snellen visual acuity by logMAR in the treated eye since time of
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TaBLE 5. Comparison of Outcome Measures in Relation to Bevacizumab Treatment

Comparison

No Injection vs

At Removal Only
vs Multiple Injections

No Injection vs
Multiple Injections

Measurement At Removal Only
Time post-surgery (months) 0.004
Vascular pathology
FAZ area ns
Parafoveal density ns
Vessel skeleton density ns
Fractal dimension ns
Lacunarity ns
Normal area ns
Hypovascular area ns
Avascular area ns
Retinal pathology
Inner retinal layer thickness ns
Total retinal thickness ns
Visual outcomes
AlogMAR visual acuity ns
Visual field mean deviation (dB) ns

ns 0.031
ns ns
ns ns
ns 0.011
ns 0.009
0.011 0.044
0.005 0.010
ns 0.031
0.008 0.004
ns ns
ns ns
0.011 0.005
ns ns

The P values are listed for the comparison of no injection (n = 6), single injection at plaque removal (n = 10), and multiple prophylactic

injections (. = 9) groups.

by visual field strongly correlated with all measures except
visual acuity and absolute change in total retinal thickness.

Effect of Bevacizumab Treatment on the
Development of Vascular and Retinal Pathology

To examine the effects of bevacizumab treatment on reti-
nal dysfunction, we performed a Kruskal-Wallis ANOVA

with Dunn’s multiple comparisons test of three treatment
groups—no bevacizumab (z = 6), injection at time of plaque
removal only (n = 10), and multiple prophylactic injections
(n = 9; Fig. 8, Table 5). Of note, patients without beva-
cizumab and those who were treated after plaque removal
were imaged at an average time interval of 51 and 46 months,
respectively, after treatment, whereas those with one treat-
ment at plaque removal only were seen after 10 months
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Figure 7. Cumulative time course of visual field defects, retinal and microvascular pathology after '?°I-plaque brachytherapy. Cumulative
percentage of patients classed as normal by (A) vascular pathology derived from Optovue software (FAZ area, parafoveal density) or
processing in ImageJ (vessel skeleton density, fractal dimension, lacunarity), (B) vascular pathology derived from image processing by
pixel-based deep learning, (C) thinning and thickening of inner and total retinal layers, (D) 10-2 visual field testing (HVF; mean deviation

or pattern deviation P < 0.05), Snellen visual acuity (AlogMAR), and grading of digital fundus photographs and OCT scans for radiation
retinopathy.
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Ficure 8. Effect of bevacizumab treatment on the appearance of visual field defect, retinal and microvascular pathology after >>I-plaque
brachytherapy. Patients without bevacizumab (z = 6), patients treated with one injection at plaque removal (z = 10) or treated with multiple
prophylactic injections (n = 9) were compared for (A) time from plaque removal, (B) normal vascularity, (C) vessel skeleton density,
(D) inner retinal layer thickness, (E) change in Snellen visual acuity by logMAR in the treated eye since time of tumor diagnosis; (F) mean
deviation in decibels over the 10-2 visual field of the treated eye. All data are expressed as ratio in the treated (Tx) divided by the normal
control (fellow) eye. *P < 0.05 , **P < 0.01; Kruskal-Wallis ANOVA with Dunn’s multiple comparisons test.
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(Fig. 8A). Compared with the group that did not receive
bevacizumab, significant differences were observed only for
lacunarity, normal vascularity (Fig. 8B), avascularity, and
change in logMAR visual acuity (Fig. 8E) when multiple
injections were given. Patients who received one injection at
removal showed better outcomes than those who received
multiple injections. There was no difference between all
groups for parafoveal density, inner retinal layer thickness
(Fig. 8D), total retinal thickness, or neuronal function by
visual field (Fig. 8F).

DISCUSSION

In this study, we used different readouts to better understand
the relationship between retinal microvasculopathy, retinal
layer thinning as a surrogate of loss of neurons, and visual
function in subjects treated with *>I-plaque brachytherapy.
There are several important findings. First, within the first
2 years after radiation treatment, the earliest phenotypical
features of radiation retinopathy were related to microvas-
cular pathology: leakage with fluid in the retinal layers by
OCT, cotton wool spots, and small microaneurysms by digi-
tal fundus photography, as well as decreased vessel density
by our novel OCT-A methods. These phenotypical features
were associated with impaired retinal function as quantified
by automated threshold perimetry of the central 10° of the
macula. Moreover, at more than 2 years after brachyther-
apy, the microvasculopathy and neuron damage became
more severe, with inner retinal layer thinning indicating a
loss of retinal neurons. At later time points, all phenotypi-
cal features that could be quantified on a continuous scale
highly correlated with one another.

Previous studies support repeat prophylactic administra-
tion of bevacizumab to slow FAZ enlargement, decrease reti-
nal edema, and preserve visual acuity.*~%> Here, patients
who did not receive bevacizumab had significantly better
visual acuity than those patients who did. There were no
statistically significant differences in FAZ enlargement or
retinal thickness across treatment groups. However, it is
important to note that all patients who received only one
injection at removal were seen within the first 2 years after
plaque removal. For those groups with statistically signifi-
cant differences, the group that received no bevacizumab
had overall better outcomes, as did patients who received
only one injection at plaque removal compared with those
who received multiple injections. A potential explanation for
these unexpected findings is that patients received multiple
injections because of clinical evidence for retinopathy.

Although multiple studies have measured vascular abnor-
malities in both the irradiated and control eye of each
patient,'>%344 previous studies reported the data from fellow
eyes as a control group. Here, we paired each subject’s
treated eye with the fellow eye to account for any bilat-
eral underlying abnormality not attributable to radiation
retinopathy. Although interindividual differences in axial
length would affect the absolute accuracy of some metrics
reported here, for example, the size of the FAZ,*-% the use of
intereye ratios to characterize each subject allows us to reli-
ably compare different subjects. Furthermore, in our study
subjects, there was no significant anisometropia. Moreover,
we enrolled normal subjects to define a normal range of
intereye asymmetry for all tests to provide the best estimate
for deviation from normal anatomy in this cross-sectional
study. Not surprisingly, because of our combined use of a
control cohort and normalization to the fellow, untreated
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eye, changes in the FAZ area and parafoveal density, previ-
ously proposed as signs of early microvasculopathy,'3-1447-48
were significantly less sensitive in detecting early abnor-
malities than our other readouts of capillary drop-out. We
attribute the low sensitivity and specificity to a particularly
wide range of intereye variability in FAZ area and parafoveal
density in our normal cohort, and to our conservative defi-
nition of the normal range (within 3 SDs). These findings
imply that measurements of FAZ area and parafoveal density
may be useful when examined against baseline in a longi-
tudinal study, but may not be sensitive enough as stand-
alone metrics in a cross-sectional study or when no base-
line measurement is available. In contrast, we found the
measures of normal and hypovascular regions, as detected
by our novel deep learning approaches®! to be the best quan-
titative methods of detecting early vascular changes.

Whereas logMAR visual acuity only assesses central,
foveal vision and is also influenced by nonretinal pathology,
the 10-2 visual field protocol used here measures neuronal
response to light stimuli across the same 6 x 6 mm? macu-
lar area where we measured vascularity and retinal thin-
ning. Accordingly, the visual field mean deviation correlated
with a change in inner retinal layer thickness (P = 0.027)
as a measure of neuronal loss, in addition to most vascular
measures. In contrast to visual acuity, visual field mean devi-
ation also correlated with time from plaque removal (P =
0.041). These findings suggest a need for a measurement of
retinal neuronal function, rather than foveal function alone,
in a longitudinal study of radiation effects on the retina.
We believe that using this method will allow for meaning-
ful correlation of localized visual dysfunction with radiation
dose, and vascular and neuronal pathology.

Limitations of this study include the need to exclude
patients whose images were not of sufficient quality to accu-
rately derive retinal layer thickness and vascularity. This
factor likely represents an inherent problem in this study
population, in whom the sequelae of radiation can induce
cataracts, retinal scarring, and severe edema, and nega-
tively impact image quality. A subanalysis of the excluded
subjects revealed no significant demographic differences
compared with the study population. This cross-sectional
study provides first evidence for the concomitant develop-
ment of microvascular and neuronal pathology in radiation
retinopathy. The interpretation of retinal thinning over time
can also be complicated by simultaneous thickening owing
to intraretinal edema. Because this was a cross-sectional
study, the time course of vascular and neuronal pathology
could only be estimated by plotting the cumulative fraction
of abnormal subjects with corresponding outcome measures
at each time point.

A prospective longitudinal study, where images are
acquired in an individual repeatedly over several years start-
ing before brachytherapy, would be optimal to fully charac-
terize the time course of vascular and neuronal pathology.
This work would also reveal the role of prophylactic beva-
cizumab in the progression of radiation vasculopathy. Such
data would provide more conclusive evidence as to whether
microvascular injury causes retinopathy and precedes loss
of function and neurons and would provide a basis for new
treatment strategies.
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