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Abstract

Purpose: This work assesses longitudinal microvascular changes in eyes treated with iodine-125 episcleral plaque brachytherapy
(EPB). Methods: High-resolution optical coherence tomography angiograms (OCTAs) of the central 3 x 3-mm macula were
obtained from iodine-125 EPB—treated and untreated fellow eyes of 61 patients. Previously validated semiautomated algorithms
quantified capillary density (vessel skeleton density [VSD]) and caliber (vessel diameter index). Nonperfusion was also quantified
as flow impairment region (FIR). Examinations from treated and fellow eyes obtained before treatment and at 6-month, |-year,
and 2-year intervals were compared using generalized estimating equation linear models. Dosimetry maps evaluated spatial
correlation between radiation dose and microvascular metrics. Results: At 6 months, treated eyes had significantly lower VSD
(0.145 + 0.003 vs 0.155 + 0.002; P=.009) and higher FIR (2.01 + 0.199 vs 1.46 + 0.104; P=.01) compared with fellow eyes.
There was a significant decrease in VSD and a corresponding increase in FIR even for treated eyes without clinically identifiable
retinopathy at 6 months. Vessel diameter index was significantly higher in treated eyes than in fellow eyes at 2 years (2.92 + 0.025
vs 2.84 + 0.018; P <.001). We categorized our cohort into low-dose (< |5 Gy) and high-dose (>45 Gy) radiation to the fovea and
noted significant differences in VSD and FIR between groups. Conclusions: OCTA can quantify and monitor EPB-induced
retinopathy and can detect vascular abnormalities even without clinically observable retinopathy. OCTA may be useful in
investigating treatment interventions aiming to delay EPB-induced radiation retinopathy.
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Introduction

The development of radiation retinopathy (RR) following
treatment of choroidal melanoma with episcleral plaque

brachytherapy (EPB) can have deleterious effects on retinal
microvasculature that lead to permanent visual decline. The Col-
laborative Ocular Melanoma Study validated EPB as the stan-
dard of care for globe-conserving treatment of medium-sized
choroidal melanomas.' Despite the selection of iodine-125 and
gold shielding to minimize adverse radiation effects, visual mor-
bidity remains high, with only 43% of patients maintaining
visual acuity (VA) of 20/200 or better 3 years after treatment
with standard Collaborative Ocular Melanoma Study plaques.”

Some reports indicate that adverse radiation effects can be
partially mitigated through the use of 3-dimensional conformal
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treatment-planning software and customized collimated pla-
ques to decrease the radiation dose to critical visual structures
(eg, the fovea).>* The onset of RR varies greatly, ranging from
as early as 1 month to 15 years, but it most commonly occurs
between 6 months and 3 years after treatment.’ The location of
the tumor, and thus the dose to the fovea, is critical but not the
sole risk factor. RR is primarily a vascular disease and shares
many clinical features with diabetic retinopathy (DR) including
damage to capillaries, which leads to variable degrees of hyper-
permeability, retinal ischemia, and neovascularization.®

Although clinical features of RR, including dot-blot hemor-
rhages, microaneurysms, and macular edema (ME), can be seen
on examination, as with DR, there is underlying damage pres-
ent before these clinical features manifest. Fluorescein angiog-
raphy can reveal early areas of nonperfusion and vascular
leakage.””® Optical coherence tomography angiography
(OCTA) has been used to noninvasively demonstrate morpho-
logic features of microvasculature with excellent spatial reso-
lution.'®!* By generating detailed depth-resolved images,
OCTA can potentially be used to detect and monitor
capillary-level aberrations in blood flow at multiple time points
early in the course of RR. To date, there have been a few
studies that used OCTA to assess microvascular changes in
RR. Two recent studies used binarized OCTA to demonstrate
a decrease in parafoveal'*'> and peripapillary capillary'®'”
density in irradiated eyes compared with fellow eyes. To our
knowledge, no studies have performed longitudinal analysis to
identify early microvascular changes (prior to 1 year) in treated
eyes, nor have any used OCTA to explore a possible spatial
correlation between these changes and radiation dose.

In the present study, we used longitudinal analysis of OCTA
to further determine what quantifiable morphologic differences
exist in the microvasculature between treated and fellow eyes
over time, as well as elucidated whether these changes can be
detected as early as 6 months postoperatively. More specifi-
cally, we used previously described OCTA metrics'""'® vessel
skeleton density (VSD) and vessel diameter index (VDI) to
quantitatively assess changes in retinal vascular networks.
We have previously used these metrics to quantify vascular
density and diameter in DR and uveitis.'"'*> We also report
flow impairment region (FIR), which is further detailed in the
Methods section, to quantify areas of subclinical nonperfusion
larger than a set threshold.

Methods

This was a retrospective, consecutive series of 61 adult patients
treated with iodine-125 EPB for medium-sized choroidal mel-
anoma by | of 2 ocular oncologists (J.L.B. and J.K.) at the
University of Southern California Roski Eye Institute. Any
participant with a history of intraocular melanoma and plaque
brachytherapy was eligible for inclusion. Treatment planning
and surgery were performed as previously described with a ste-
reotactic plaque brachytherapy radiation treatment—planning
platform (Plaque Simulator; Eye Physics, LLC); a dose of 85
Gy at a rate of 0.5 Gy/h was prescribed to the apex of the lesion

or to 5 mm in height, whichever was greater, with a 2-mm
margin at the base.'” Individuals with media opacity impairing
visualization of the macula, preexisting retinal vascular disease
(eg, DR, retinal vein occlusion, or choroidal neovasculariza-
tion), or preexisting subretinal fluid or ME prior to plaque
placement were excluded from the study. Individuals with
direct tumor involvement in the 3 x 3-mm perifoveal region
were also excluded from the cohort analysis.

Patient demographics, including age and sex, were
abstracted from the medical record. Clinical data collected
included VA, radiation dose to fovea, follow-up time, and
presence of clinically evident RR as determined by the Finger
and Kurli criteria.® VA was reported as logarithm of the min-
imum angle of resolution.

OCTA Imaging and Image Analysis

At the clinician’s discretion, OCTA was performed on irradi-
ated eyes and the fellow nonirradiated eyes of patients prior to
treatment and at their postoperative follow-up visits. Imaging
was performed with a commercially available, Food and Drug
Administration—approved, spectral-domain OCTA platform
(AngioPlex 5000, Zeiss Meditec). High-resolution 3 x 3-mm
OCTAs centered on the fovea with a signal strength greater
than 7 (of a 10-point scale) were included for analysis. All
OCTAs were generated from full-thickness retina to avoid seg-
mentation errors. Images with significant motion artifacts that
obscured the vascular architecture were excluded from analy-
sis. For any eye with multiple images on a single date, the
highest-quality image was chosen.

A previously described semiautomated algorithm was used
for quantitative analysis of VSD, VDI, and FIR.'"'® Briefly,
VSD is defined as a unitless proportion of the total length (in
pixels) of all skeletonized vessels divided by the total number
of pixels in the image window; it indicates reflects capillary
density. VDI is defined as a unitless proportion of the total
vessel area divided by the total skeletonized vessel area; it
indicates average vessel diameter. Last, FIR is defined as the
sum of avascular areas in an image larger than a predefined
threshold area, which in this study was set at 0.002 mm?® to
reflect the maximum threshold for physiologic intercapillary
distance. This value was based on an estimate from histologic
analysis in which the avascular periarteriolar region was
approximately 50 pm.?® A 0.002-mm? threshold closely
approximates the area of a circle with this diameter.

Data Analyses

The effect of radiation therapy on the OCTA metrics (VSD, FIR,
and VDI) was assessed longitudinally. Acquired data included
pretreatment examinations obtained prior to EPB surgery, as
well as examinations obtained up to 30 months postoperatively.
Given the retrospective nature of our study, the postoperative
follow-up dates over this period were not standardized. There-
fore, for our analysis we opted to bin posttreatment examinations
into intervals appropriate for the available data as follows: 6
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Table I. Patient Demographics and Clinical Data.

Total No. participants 6l
Age, y
Mean + SD 628 + 13.9
Median (IQR) 65.6 (56.8-73.1)
Female sex (%) 34 (55.7)
Follow-up time, y
Mean 4+ SD 08+ 0.5
Median (IQR) 0.8 (0.4-1.3)
No. with diabetes without 6 (9.8)
retinopathy (%)
No. with hypertension (%) 19 31.1)
No. that received anti-VEGF after 6 (9.8)
treatment (%)
Time from plaque to first OCTA, y
Mean + SD 1.3+08
Median (IQR) 1.3 (0.5-1.9)

Tumor and treatment characteristics
Dose at tumor apex, mean + SD,
median (IQR), Gy
Dose at fovea, mean + SD, median
(IQR) Gy*

99.7 + 25.3, 86.8 (85-111)

60.3 +73.0, 31.9 (17-75)

No. participants with tumors within 19 (31.1)
2 disc diameters of fovea (%)
No. participants with tumors that 19 31.1)
overlap vascular arcades (%)
Preoperative tumor apex thickness, mm
Mean 4+ SD 43+24
Median (IQR) 3.8 (2.9-4.8)

Table 2. Clinical and Optical Coherence Tomography Angiography

Measures by Eye.

Mean + SEM EPB treated Fellow eye P
No. of OCTAs analyzed
Pretreatment 14 19
6 mo 13 19
12 mo 15 15
24 mo 13 19
BCVA, logMAR
Pretreatment 0.26 + 0.05 0.08 + 0.02 .001
6 mo 0.25 + 0.08 0.06 +0.03 .02
12 mo 0.30 + 0.08 0.05 + 0.02 .003
24 mo 041 +0.10 0.1l +0.07 .005
Vessel skeleton density
Pretreatment 0.152 + 0.003 0.155 +0.002 .26
6 mo 0.145 +0.003 0.155 +0.002 .009
12 mo 0.143 +0.005 0.157 +0.003 .02
24 mo 0.143 +0.005 0.155+0.002 .04
Vessel diameter index
Pretreatment 2.85 + 0.020 2.86 + 0.012 97
6 mo 2.86 + 0.023 285 +0016 .65
12 mo 291 +0.043 283 +0013 .08
24 mo 292 + 0.025 284 +0018 .001
Flow impairment region
Pretreatment 1.65 4+ 0.175 1.49 + 0.120 41
6 mo 201 +0.199 1.46 +0.104 .01
12 mo 2.19 + 0.243 1.48 +0.168 .03
24 mo 2.08 + 0.267 1.49 +0.087 .03

Abbreviations: anti-VEGF, antivascular endothelial growth factor; IQR, inter-
quartile range; OCTA, optical coherence tomography angiography.

?The median radiation dose to the fovea (32 Gy) is less than published thresh-
olds for clinically evident radiation damage (35 Gy).

months (range, 3-9 months), 1 year (range, 9-18 months), and 2
years (range, 18-30 months). Summary OCTA metrics were
compared between irradiated and fellow eyes at the different
time intervals using generalized estimating equation (GEE) lin-
ear regression models. In the GEE models, the OCTA metrics
were each used as predictor variables of the treatment status of
the eyes—irradiated eye vs fellow eye. Summary OCTA metrics
for treated eyes were also compared between baseline and the
various follow-up time points. Statistical significance was
defined when the P value of the univariate model was less than
.05. GEE models allowed for the analysis of longitudinal
repeated measures and correlated fellow-eye data.?!

In addition to the previously described analysis, we sought to
explore the potential effects of hypertension and diabetes with-
out retinopathy on our results. Because patients with diabetes
composed a small portion of our cohort, we performed the same
binned analysis as described earlier after excluding all people
with diabetes from our cohort for purposes of comparison.
Because patients with hypertension composed a larger portion
of the cohort, we used a GEE regression model with age, hyper-
tension, and VSD as the independent variables and development
of clinically evident RR as the dependent variable. This model
also accounted for time from plaque placement.

Abbreviations: BCVA, best-corrected visual acuity; EPB, episcleral plaque bra-
chytherapy; logMAR, logarithm of the minimum angle of resolution; IQR, inter-
quartile range; OCTA, optical coherence tomography angiography.

?Bold font indicates significance defined at an alpha level of .05.

Radiation Dose Response Analysis

Radiation dose-related changes of the OCTA metrics were also
investigated in 2 ways. The OCTA metrics between high-dose
eyes (foveal radiation >45 Gy) were compared with low-dose
eyes (foveal radiation <15 Gy). These thresholds were chosen
based on published dose tolerance limits of the retina.?

A second exploratory approach was adopted to assess
whether there was spatial correlation between radiation dose
and microvascular density within the 3 x 3-mm foveal region
of an individual eye. Because the main goal of EPB is to treat
the tumor with minimal radiation exposure to the foveal and
optic nerve regions, high-dose gradients to the foveal 3 x 3-
mm area were possible only for lesions located very close to
or including the fovea. Therefore, for this analysis, the par-
ticipant criteria were modified to include individuals with the
greatest radiation dose gradient to the 3 x 3-mm foveal region
irrespective of lesion location.

To evaluate this within-eye correlation, the last acquired
OCTAs (over the defined study period) of the irradiated eyes
were investigated, and 5 eyes that displayed the largest spatial
gradients in microvascular density were selected for further
evaluation. EPB dosimetry maps of these eyes were then gen-
erated using Eye Physics Plaque Simulator software (Eye Phys-
ics, LLC), developed previously at the University of Southern
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Figure |. Longitudinal clinical and quantitative optical coherence tomography angiogram (data). All panels reflect data from our overall cohort.
(A) Over the course of our 2-year follow-up period, there was an increasing percentage of treated eyes with clinically identifiable RR at each
interval. Compared with fellow eyes over this period, treated eyes showed (B) decreasing vessel skeleton density, (C) increasing vessel diameter
index, and (D) increasing flow impairment region. Relative significance between treated and fellow eyes at each time point is marked by asterisks,
and error bars reflect SEM.

Original OCT Angiogram  Skeletonized OCT Angiogram Skeleton Density Map

Treated
Eye

Fellow §
Eye

Figure 2. Processed optical coherence tomography angiograms (OCTAs) from treated and fellow eyes of a single patient. OCTAs from the
treated (left eye) and fellow eye (right eye) of a 20-year-old woman demonstrate marked qualitative differences in parafoveal vessel density
(column 1). The OCTA of each eye was obtained 263 days (8.6 months) following placement in the treated eye of a 46.0-Gy dose at the fovea.
Visual acuity at the time of image acquisition was 20/350 in the treated eye and 20/20 in the fellow eye. Skeletonized OCTAs with accompanying
skeleton density heat maps were generated (columns 2 and 3). Warmer colors reflect areas of greater vessel skeleton density, with relative
differences defined on the accompanying color scale demonstrating decreased vessel skeleton density in the treated eyes. Pseudocolor flow
impairment maps (column 4) demonstrate absent flow signal (white areas). The flow impairment region was markedly increased in the treated eye.



Green et al

503

Skeletonized OCT Angiogram

POM 14

(212 Gy
to fovea)

POM 26 § -

POM 30 §

-
[

Skeleton Density Map

Flow Impairment Regio

Figure 3. Longitudinal skeleton density and flow impairment maps of a treated eye. (Case |) A 65-year-old man received 212 Gy to the fovea
(right eye), with a range of 85 Gy to 250 Gy across the standard 3 x 3-mm optical coherence tomography angiogram (OCTA). OCTAs were
acquired at postoperative months (POMs) 14, 26, and 30. The visual acuity of the treated eye at these dates was 20/25, 20/25, and 20/80,
respectively. The visual acuity of the fellow eye at the same time points (OCTA images not shown) was 20/25, 20/20, and 20/25, respectively.
In the skeletonized image, impaired perfusion is visible inferiorly at POM 26 compared with POM 14, with worsening perfusion at POM

30 (column 1). The loss of skeleton density is more clearly visualized in the heat map (column 2). Warmer colors reflect areas of greater
vessel skeleton density, with relative differences defined on the color scale. A parallel trend is seen in the flow impairment region images

(column 3).

California.>***> For each case, dosimetry maps were superim-
posed on both the original OCTAs and their corresponding
fundus photgraphs for analysis.

Results

We report the results of 61 participants who underwent EPB
therapy. Table 1 summarizes the demographic and clinical
characteristics of the study population, as well as tumor and
treatment characteristics. Table 2 summarizes the results of the
OCTA metrics compared between EPB-treated and untreated
fellow eyes.

Baseline

In total, 33 OCTAs of eyes with melanoma and fellow eyes
were analyzed prior to EPB. Eyes with melanoma had

significantly lower VA compared with fellow eyes; however,
there were no significant differences in VSD, VDI, or FIR
(see Table 2).

Six-Month Follow-up

Thirty-two OCTAs of treated and fellow eyes were analyzed at
6 months after EPB (see Table 2). Among the treated eyes, only
1 (7.7%) demonstrated evidence of RR on clinical examination
(Figure 1A). However, the VSD and FIR metrics of OCTA
assessment showed significantly lower VSD and higher FIR
for the treated eyes compared with fellow eyes (Table 2). These
changes can also be appreciated qualitatively in maps of VSD
and FIR (Figure 2). Importantly, among treated eyes with no
clinically identifiable RR at this follow-up period that had
pretreatment examinations for direct comparison (n=>5), there
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Figure 4. Spatial correlation of parafoveal microvascular changes with radiation dose. (A) The pretreatment fundus image of an individual
(case |) showing the choroidal melanoma. (B) A computed dosimetry simulation projected onto the pretreatment fundus image. A 3 X 3-mm
optical coherence tomography angiogram of the eye was registered with the image using vessel bifurcation landmarks. Dosimetry contour
lines and dosimetry tints delineate areas of the eye that received specific doses of radiation from the plaque. (C) An enlarged skeletonized
3 x 3-mm optical coherence tomography angiogram of the eye at postoperative month 30 with the corresponding dosimetry contour lines.
Note the inferior areas of decreased vascular density (impaired perfusion) in the 3 x 3-mm image, which corresponds with the higher doses

delivered inferiorly.

was still a significantly decreased VSD (0.146 + 0.011
[6 months] vs 0.158 + 0.005 [baseline]; P=.04) and an
increased FIR (1.76 + 0.665 [6 months] vs 1.28 + 0.339 [base-
line]; P=.04).

One-Year Follow-up

In total, 30 OCTAs of treated and fellow eyes were analyzed
at 12 months after EPB (see Table 2). Among the treated eyes,
3 (20%) demonstrated evidence of RR on clinical examination
(see Figure 1A).Treated eyes also showed a significantly
lower VSD and higher FIR compared with fellow eyes (see
Table 2).

Two-Year Follow-up

In total, 32 OCTAs of treated and fellow eyes were analyzed at
24 months after EPB (see Table 2). Among the treated eyes, 9
(69%) demonstrated evidence of RR on clinical examination
(see Figure 1A).Treated eyes showed a significantly lower
VSD, higher VDI, and higher FIR compared with fellow eyes
(Table 2). In general, the difference in all metrics between

treated and fellow eyes grew over time and corresponded with
increasing rates of clinically identifiable RR in treated eyes
(see Figure 1).

Impact of Vascular Comorbidities on Analyses

In our cohort 6 (9.8%) patients had diabetes without reti-
nopathy. When these patients were excluded from our anal-
ysis, there was no loss of significance in VSD, VDI, and
FIR at the intervals noted in Table 2. Also, in our overall
cohort, 19 (31.1%) patients had a history of hypertension. In
a GEE regression model that included age, VSD, and hyper-
tension as independent variables and development of clini-
cally evident RR as the dependent variable, VSD was
significant (P =.02) whereas hypertension (P =.60) and age
(P =.40) were not.

Radiation Dose Correlation With OCTA Changes

We found significant differences in the OCTA metrics VSD
and FIR over the follow-up period when the overall cohort
was divided into high-dose and low-dose foveal radiation
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subgroups (>45 Gy [n=9] vs <15 Gy [n=3]): VSD
(0.145 £+ 0.002 [high dose] vs 0.154 + 0.001, P<.001) and
FIR (2.04 + 0.10 [high dose] vs 1.59 4+ 0.06, P<.001). The
VDI metric was however not significantly different between
the high-dose and low-dose classification (2.88 + 0.02 [high
dose] vs 2.83 £+ 0.08, P=.21).

Five 3 x 3-mm OCTAs were selected for our exploratory
within-eye dose-response analysis and had the following
ranges of radiation dose across the fovea: case 1, 85 Gy to
250 Gy; case 2, 30 Gy to 70 Gy; case 3, 25 Gy to 60 Gy; case
4,40 Gy to 60 Gy; and case 5, 8 Gy to 12 Gy. Of these, the case
with the greatest radiation gradient across the fovea (case 1)
had an EPB dosimetry gradient that qualitatively correlated
with the spatial microvascular gradient on the 3 x 3-mm
OCTA. The longitudinal OCTA findings of case 1 are illus-
trated in Figure 3, and the registered EPB dosimetry map and
OCTA microvasculature are illustrated in Figure 4. The dose-
dependent nature of impaired perfusion over time can be appre-
ciated from Figure 3 when the EPB dosimetry map in Figure 4
is taken into account. The remaining cases did not appear to
have any spatially correlated microvascular changes within the
3 X 3-mm window.

Conclusions

This study adds to a body of literature that has demonstrated
retinal microvascular changes after EPB. Specifically, our
study demonstrated a significant decrease in capillary density
in EPB-treated eyes earlier than previously reported and prior
to clinically evident RR. It also showed progressive decreases
in capillary density at intervals over a 2-year period. This was
accomplished using quantitative metrics that reflect microvas-
cular density directly, such as VSD, and indirectly, such as FIR.
Significant increases in VDI were also seen over this period,
which likely correspond to dropout of small-caliber capillaries.
In addition to these findings, we demonstrate that radiation
dose to the fovea is a significant predictor of VSD and FIR.
In one idealized case we were able to show a large gradient
(> 165 Gy) of high-dose radiation across the fovea that appears
to be spatially correlated to microvascular density. Collec-
tively, these data suggest that capillary changes are occurring
before clinically evident retinopathy, and that the magnitude of
the radiation dose may correlate with the magnitude of the
capillary damage in any given region. Furthermore, they high-
light the potential utility of OCTA to monitor the progression
of subtle changes in microvasculature over a period of months
in treated eyes.

Our findings are consistent with those in prior studies that
used OCTA to assess parafoveal vessel density in irradiated
eyes. Say et al and Cennamo and colleagues quantified total
vascular area using 3 X 3- and 6 X 6-mm binarized en face
images, respectively.'*' Both demonstrated significant reduc-
tion in vessel area density in irradiated eyes compared with
fellow eyes. Although the capillary densities in these previous
studies were estimated as vessel area density, our preferred
method for estimating capillary density is the skeletonized

density (VSD). This is because VSD is not influenced by cap-
illary morphologic changes such as vessel diameter, which may
accompany vasculopathies, and is also minimally affected by
large-caliber vessels.

For brevity, our study reports only the VSD analysis as the
measure of capillary density. Vessel diameter was approximated
as an index, VDI, which we also demonstrated changes with
worsening retinopathy. FIR, our third metric, complements VSD
as an indirect measure of density and a direct measure of sub-
clinical impaired perfusion. As FIR accounts only for avascular
areas larger than a set threshold, it theoretically has a higher
specificity (but lower sensitivity) for capillary dropout. For
example, the loss of minute areas of capillary flow may not
result in an avascular area greater than our set threshold and
therefore would have no effect on FIR but a definite effect on
VSD.

The findings of our study highlight the potential use of
OCTA for monitoring vascular changes in irradiated eyes over
time. The vascular metrics can also serve as adjuncts to help
grade the severity of RR. Several groups have aimed to develop
effective grading schemes for RR that use various imaging
modalities, including ultra-widefield fluorescein angiography.’
In 2005, Finger and Kurli developed a system with 4 stages of
severity that correlated with vision loss, based on a combination
of findings from dye-based angiography and ophthalmoscopy.®
Horgan et al later described in 2008 how OCT could be further
added to identify ME, an early clinical feature of RR.” More
recently, Veverka and colleagues suggested OCTA could also
be used to help grade severity, demonstrating that it may detect
RR prior to changes seen on OCT alone.?

Thus, we concur with the assertion that OCTA may be
a powerful tool in determining the severity of RR and detecting
very early microvascular changes before the onset of retino-
pathy on examination. This has a wide variety of clinical appli-
cations. The use of various metrics as demonstrated in this
study may noticeably increase the sensitivity of OCTA to cap-
ture early changes in RR, because subtle changes in density and
vessel diameter are often challenging to appreciate qualita-
tively in the clinic setting. For clinical purposes, we suggest
obtaining 3 x 3-mm OCTAs in both eyes prior to EPB place-
ment and intermittently at follow-up visits for those with access
to these devices. As our study has shown, significant micro-
vascular changes can be seen within 6 months of treatment,
suggesting repeated imaging may be prudent even at early
postoperative dates.

Furthermore, as our understanding of the utility of OCTA
continues to grow, longitudinal scans may prove useful in
individualizing the time point for initiating RR treatment,
such as when VSD or FIR reaches a certain threshold value.
Given recent studies evaluating earlier (or even prophylactic)
antivascular endothelial growth factor therapy for RR, these
reproducible, quantitative OCTA measures may thus provide
sensitive biomarkers for comparing the efficacy of RR treat-
ment regimens.?’ >’

Our exploration of a possible spatial correlation between
radiation dose and capillary density was demonstrated in case
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1 (see Figure 4), which had, by chance alone, a steep gradient
change for the radiation dose over the 3 x 3-mm area of the
macula that was imaged. As already noted, the tumor in this
case appears to partially overlap with the inferonasal edge of
the 3 x 3-mm window, which may confound the analysis. How-
ever, there were not any segmentation errors or other subjective
abnormalities on the OCTA of this individual that would
explain the gradient of changes observed. Of note, case 4 also
showed a large area of ischemia nearest the high-dose radiation
in a wider 6 x 6-mm window. The significantly lower resolu-
tion of 6 x 6-mm OCTA scans precludes a detailed analysis of
density changes in these scans. Our findings provide a basis for
future studies to assess the within-eye spatial relationship
between EPB dosimetry and microvasculature abnormalities
and enhance the understanding of radiation dose on the retinal
vasculature and the development of RR.

Because DR shares many clinical features of RR, we further
performed an analysis on our cohort after excluding our 6
patients with diabetes, none of whom had preexisting DR. With
exclusion of these patients, there was no loss of significance in
any metrics for each time interval detailed in Table 2. As such,
the inclusion of patients with diabetes does not change our
conclusions. However, a larger study with more people with
diabetes may reveal that the disease affects the rate of progres-
sion of vascular change or the likelihood of treated eyes devel-
oping RR over the long term.

Furthermore, hypertension may similarly affect the progres-
sion of vascular change. With a large number of patients with
hypertension in our cohort, we performed a GEE regression
analysis that included hypertension, age, and VSD, with devel-
opment of RR as the end point. Whereas VSD was found to be
significant, hypertension was not. However, as with diabetes,
a larger study is likely needed to identify any role of hyperten-
sion with greater certainty.

Some potential limitations of our study include those inher-
ent to OCTA imaging, such as motion artifacts and floaters,
which can interfere with efforts to accurately quantify vascular
metrics. We aimed to control this by excluding images with
significant artifacts. Furthermore, because single OCTA scans
may miss capillaries that are only intermittently perfused, FIR
may overestimate the number of truly nonperfused areas
greater than our set threshold, which in future analysis could
be addressed by image averaging. Additionally, this study ana-
lyzed images from the 3 x 3-mm OCTA scan pattern and may
have missed some peripheral defects associated with EPB.
However, larger scan patterns available at the time of this study
did not have sufficient resolution to reliably detect capillary
level changes, so use of the high-resolution 3 x 3-mm field was
necessary. Future studies may consider images from 6 X 6-mm
or even larger windows if the resolution of the scans is suffi-
cient. Furthermore, future studies may aim to generate dosim-
etry maps in a larger number of eyes and use more quantitative
approaches to better evaluate the spatial relationship between
EPB dosimetry and microvascular aberrations.

Other limitations arise from the retrospective nature of
the data analyzed. For example, the images for the study

were acquired during study visits that were determined on
a case-by-case basis by the physician. Although we addressed
the difference in the time intervals by binning, our findings can
be refined by using regularized and standardized follow-up
intervals across participants. Finally, we acknowledge that
radiation may not be the only etiology of vasculopathy that is
observed in RR, especially in affected areas that received sub-
threshold radiation. For example, a tumor itself may induce
ischemia in a larger vessel that would affect distal vasculature.
Likewise, it could do the same to a major vascular arcade that
would affect distal macular vasculature, although we saw no
evidence of this in any case.

In conclusion, we investigated OCTA changes associated
with EPB treatment of choroidal melanoma and found signif-
icant changes in OCTA metrics at about 6 months or earlier,
even when there were no clinically detectable signs of RR. The
change in the OCTA metrics increased over time and in a dose-
dependent manner. We infer that OCTA can be a viable tool for
monitoring the effect of EPB on the retinal microvasculature,
and its findings may play a pivotal role in developing interven-
tion modalities to delay or treat the occurrences of retinopathy
after EPB.
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