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Purpose: To describe the creation of en face retinal vessel shadow view (RVSV) optical
coherence tomography (OCT) images and assess the feasibility of using these for evalu-
ating vascular disease in preterm infants at risk for retinopathy of prematurity (ROP).

Methods: In this exploratory study, we selected images from eyes with a range of ROP
vascular disease, prospectively acquired from preterm infants using an investigational,
noncontact, handheld, bedside swept-source OCT. We autosegmented OCT volumes
using custom infant-specific software, extractedRVSV-OCT images fromvolumetric data
bracketed around the retinal pigment epithelium, and automontaged the resulting
RVSV-OCT images. Three masked ophthalmologists graded the RVSV-OCTmontages as
plus, pre-plus, or neither and ranked them by relative vascular disease severity.

Results: We selected images from 17 imaging sessions (7 plus, 4 pre-plus, 6 neither
on clinical examination). On review, 15/17 (88%) RVSV-OCT montages were gradable
for plus, pre-plus, or neither and all 17 montages were rankable for relative severity.
Intergrader agreement for plus, pre-plus, or neither grading was good (κ , 0.67; 95%
confidence interval, 0.42–0.86) and for relative severity ranking was excellent (intraclass
correlation coefficient, 0.98; 95% confidence interval, 0.96–0.99).

Conclusions: Our novel automatic processing method can create RVSV-OCT montages
optimized for retinal vessel visualization for ROP screening. Although our data support
the feasibility of using RVSV-OCT montages for ranking relative vascular disease sever-
ity, there is room for improved OCT image capture and processing methods in preterm
infants screened for ROP.

Translational Relevance: Creation and grading of RVSV-OCT images could eventually
be integrated into an alternative method for ROP screening.

Introduction

Retinopathy of prematurity (ROP) is a poten-
tially blinding disease characterized by delayed and
disordered retinal vascularization in preterm infants.1
Screening at-risk infants is imperative for ROP
management, as early detection and treatment of
severe disease can decrease the risk of blindness.2 An

important feature of most treatment-requiring ROP
is the presence of plus disease, first described by the
International Classification of ROP (ICROP)3,4 and
further defined in major ROP trials as posterior pole
vascular dilation and tortuosity, in at least 2 quadrants,
which meets the minimum of that in the standard
photograph for plus disease.2,5–7 Detection of plus
disease with high sensitivity is therefore essential for
any ROP screening system. The current gold standard
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for ROP screening is bedside indirect ophthalmoscopy,
but this method is time-intensive and limited by access
to trained ophthalmologists.8,9

Store-and-forward telemedicine systems have the
potential to address these limitations by increasing
the efficiency of and access to ROP screening. Under
this paradigm, images are captured by nonphysi-
cians at bedside, transmitted to a secure server, inter-
preted remotely by clinicians, crowd-sourced analysis,
or deep learning methods, and the findings are used
to determine if an infant requires a bedside exami-
nation by an ophthalmologist. Telemedicine screen-
ing with fundus photography has been shown to
reliably detect severe ROP, including plus disease,10–14
and several live programs have been implemented in
the United States and internationally.15–17 However,
vessel visualization on fundus photographs may be
limited in darkly pigmented eyes, and confounded
by choroidal vascular patterns in lightly pigmented
eyes.18 Additionally, most telemedicine systems rely
on images acquired from contact fundus cameras,
which have been shown to induce physiologic stress
in preterm infants.19–21 Ideally, stress-inducing proce-
dures should be minimized in preterm infants, as they
have been associated with poorer neurodevelopmental
outcomes.22–24

An alternative imaging modality, optical coher-
ence tomography (OCT), uses near-infrared light to
capture cross-sectional scans of the retina with micron-
scale resolution. OCT has been applied to ROP in
the research setting: it has provided insight into the
in vivo development of the vascular and nonvas-
cular tissue of the premature retina,25–29 and illus-
trates subclinical features of ROP not visible on
ophthalmoscopic examination.30–36 One study used
OCT to generate three-dimensional vascular maps and
calculated a Vascular Abnormality Score by OCT
(VASO), which correlated well with the presence of
plus disease.37 Two-dimensional en face projections
of OCT volumes illustrate retinal vascular patterns
and resemble fundus photographs that ophthalmolo-
gists and analytic software are accustomed to grading
for plus disease. Currently, these en face images are
limited by the 32 kHz A-scan capture speed of the
commercially available handheld spectral domain OCT
system (Envisu C2300; Leica Microsystems, Wetzlar,
Germany). This restricts the number of A-scans per
volume that can be practically captured in an awake,
nonfixating infant, and therefore limits the resolution
of the en face image.

The purpose of this study was to describe a novel
method we developed to create an en face “retinal
vessel shadow view” (RVSV)-OCT image, optimized
for visualization of the retinal vasculature, from inves-

tigational, high-speed, noncontact, swept source (SS)-
OCT captured at the bedside in awake infants. We
evaluated the feasibility of using montaged RVSV-
OCT images for grading posterior pole ROP vascu-
lar disease severity by ophthalmologists and queried
whether there are differences in RVSV-OCT vessel
visualization based on fundus pigmentation.

Methods

We performed this exploratory study as part of the
analysis of retinal vasculature in ROP for BabySTEPS
(an institutional review board–approved prospective,
observational study registered with clinicaltrials.gov
[registration: NCT02887157]). The study was approved
by the Duke University Health System institutional
review board, is compliant with the Health Insurance
Portability and Accountability Act of 1996, and is
adherent to all tenets of the Declaration of Helsinki.
Between September 2016 and November 2019,
118 preterm infants were enrolled in BabySTEPS,
102 of which underwent research bedside, noncontact,
handheld SS-OCT imaging of both eyes performed on
the same day as clinical ROP screening examinations.
Prior to enrollment, we obtained informed consent
from a parent or legal guardian after explanation of
the nature and possible consequences of the study.

We performed bedside SS-OCT imaging with an
investigational system featuring a 200 kHz, 1060 nm
SS laser (Axsun Technologies Inc., Billerica, MA) and
a 700 g handheld, noncontact probe.38 We captured
anisotropic 10 x 10mmOCTvolumes with 950A-scans
per B-scan and 256 B-scans per volume. Two B-scans
were acquired at each lateral location on the slow axis
to allow for averaging in post-processing. The primary
imaging goal was to capture the fovea, optic nerve, and
papillomacular bundle for each eye; a secondary goal
was to capture a portion of the temporal peripheral
retina. During standard-of-care clinical ROP exami-
nations, fellowship-trained pediatric ophthalmologists
(SFF and SGP) recorded fundus pigmentation (blond,
medium, or dark) and ROP posterior pole vascu-
lar severity (plus, pre-plus, or neither) on a standard
template.3,4 We reviewed participants’ medical records
for these clinical examination findings, as well as
demographic and general health information.

As part of our primary BabySTEPS study goal to
“determine severity of ROP by analysis of OCT”(clini-
caltrials.gov registration: NCT02887157), we explored
numerous methods to extract vascular information
from segmented OCT volumes. After developing
a novel method to maximize visualization of the
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posterior pole vasculature, we carried out a pilot test to
evaluate the feasibility of grading the resulting images
for plus, pre-plus, or neither. We selected a stratified
random sample of 17 imaging sessions from 15 eyes
of 13 infants from the BabySTEPS cohort. For two
eyes with plus or pre-plus on clinical examination, we
included images from two imaging sessions for each
eye, with the goal of yielding an enriched sample with
an approximately equal number of imaging sessions
with plus, pre-plus, or neither on clinical examination.
For this study, we excluded images captured from eyes
after ROP treatment.

We automatically segmented all OCT volumes
using proprietary infant-specific software, the
Duke OCT Retinal Analysis Program Marking
Code (DOCTRAP) v63.9, and Pediatric v1.2
(MATLAB R2017b, MathWorks, Natick, MA). The
DOCTRAP software contains retinal layer segmenta-
tion algorithms that were developed based on graph
theory and dynamic programming, in which images
are represented as a graph of nodes that are connected
by weighted edges.39 The algorithms vary the values of
the weights based on the layer boundary of interest.
The shortest weighted path from one side of the image
to the other results in a segmented layer boundary.33

We tried several approaches to extract en face
vascular information from segmented OCT volumes
to improve on the OCT-generated conventional retina
view images, which originate from the mean pixel
intensity of data from the entire cross-sectional scan.
Our methods included extracting en face images from
the inner or outer retinal layers, or from volumet-
ric data centered around individual retinal layers
(Fig. 1). From this preliminary exploration, we devel-
oped a favorite visualization, RVSV-OCT.We extracted
the RVSV-OCT images from the mean pixel inten-
sity of volumetric data restricted to a narrow axial
window bracketed around the retinal pigment epithe-
lium (RPE), for the purpose of enhancing the view of
retinal vessel shadows and removing choroidal patterns
(Fig. 2). Thus the RVSV-OCT images were centered
on vessel shadowing at the level of the RPE. We
compared RVSV-OCT to the OCT-generated conven-
tional retina view images. We loaded all images into
previously validated, commercially available automon-
tage software (i2k Retina; DualAlign, Inc., Clifton
Park, NY).40,41 The software created a single conven-
tional retina view montage and a single RVSV-OCT
montage for each eye; in most eyes, the two montages
had identical fields of view. However, in five eyes the
software automontaged more RVSV-OCT images than
conventional retina view images; we manually removed
these extra images from the RVSV-OCT montage to
ensure the same number of images were included in

the two montages, creating equal fields of view for the
reviewers.

Three fellowship-trained pediatric ophthalmolo-
gists who actively perform ROP screening (SFF, SFG,
and SGP) reviewed and graded the OCT montages
independently. We sent graders three separate
electronic slideshows. The first slideshow presented
one slide per imaging session with the conven-
tional retina view and RVSV-OCT montages side-
by-side, and asked graders to indicate their preferred
montage (conventional retina view or RVSV-OCT)
for grading of posterior pole vasculature. The second
slideshow presented a reference slide with standardized
photographs of plus and pre-plus disease, taken from
the ICROP Revisited,3,5 on the first slide, followed
by RVSV-OCT montages, one per slide, and asked
graders to grade the RVSV-OCT montages for plus,
pre-plus, or neither based on the provided reference
slide.3 The third slideshow presented all 17 RVSV-OCT
montages on a single slide, and asked graders to rank
each RVSV-OCT montage for ROP vascular disease
severity relative to the other RVSV-OCT montages
(with a ranking of 1 indicating least severe, and
17 indicating most severe). Reviewers graded the
montages as “ungradable” if they did not completely
capture the optic disc and have 2 or more quadrants,
each with 1 or more vessels visible for a length of
1 or more optic disk diameter, or approximately 1.5
mm. Graders were masked to clinical examination
diagnoses and other graders’ gradings. Although
two of the three graders (SFF and SGP) performed
the clinical examination on the eyes included in this
study, neither had to recuse themselves from grading
the images as neither recognized any of the eyes
imaged.

Statistical analysis was performed using R v3.6.1
(R Foundation for Statistical Computing, Vienna,
Austria). We calculated the sensitivity and specificity
of using RVSV-OCT grading for detecting plus disease
present on clinical examination (reference standard)
by binarizing the grades as “plus” or “not plus”. We
assessed intergrader agreement of plus, pre-plus, or
neither grades using the weighted κ statistic,42 and
assessed intergrader agreement on relative vascular
disease severity rankings using the intraclass corre-
lation coefficient (ICC).43 We interpreted both the
weighted κ and ICC using a standardized scale: 0 to
0.4, poor; 0.4 to 0.59, fair; 0.6 to 0.74, good; and
0.75 to 1.0, excellent.44 We used the median relative
vascular disease severity ranking for the three graders
as a summary (consensus) reference score for relative
vascular disease severity.

In a post hoc secondary analysis of color photo-
graphs versus RVSV-OCT montages, we collected
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Figure 1. En face OCT images taken from a preterm infant extracted using different parameters. (A) Mean pixel intensity from the entire
cross-sectional scan (resulting in the “conventional retina view OCT image”); (B) maximum pixel intensity from the entire volume; (C) mean
pixel intensity from around the RPE (resulting in the RVSV-OCT); (D) maximum pixel intensity from around the RPE; (E) mean pixel intensity
from the internal limitingmembrane to the outer boundary of the inner nuclear layer (representing the inner retina). The RVSV-OCT (C) best
illustrates retinal vessel patterns, as the conventional retina view image (A) has distracting choroidal vasculature, the twomaximum intensity
images (B and D) demonstrate retinal vessel washout, and the inner retinal layer image (E) features low vessel contrast.

fundus photographs (RetCam; Natus Medical, Inc.,
Pleasanton, CA) acquired the same day as the
BabySTEPS OCT imaging session from the clini-
cal record. We included 6 imaging sessions from 5 eyes
of 3 infants that included both fundus photography

and OCT imaging. Two eyes from the main study
described earlier were among these five eyes with
color photographs; however, the color photographs
and OCT images were acquired from different imaging
sessions thanwere included in themain study described
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Figure 2. En face images extracted from cross-sectional OCT scans. (A) Conventional retina view image extracted from the entire OCT
volume; and (B) RVSV-OCT image extracted from volumetric data bracketed around the autosegmented level of the RPE (red line). Graders
reported that compared with conventional retina view image, RVSV-OCT images eliminated potentially distracting choroidal vasculature
and improved visibility and distinctness of retinal vessels, as shown here.

earlier. For one eye, we included images from two
imaging sessions in this analysis, with the goal of
maximizing sample size. We autosegmented the SS-
OCT volumes and extracted and automontaged the
RVSV-OCT images, as described earlier. Unlike the
main study, we did not remove RVSV-OCT images
from the automontage and manually added periph-
eral images to maximize montage field of view. We
selected a set of three RetCam photographs for each
visit to maximize total field of view, and manually
adjusted a duplicate set for brightness and contrast
to maximize vessel visibility. In a grading session
separate from the main study as described earlier, the
graders first evaluated the RVSV-OCT montages for
fundus pigmentation (blond, medium, or dark). They
then answered the question: “Does fundus pigmen-
tation impact image gradeability for plus, pre-plus,
or neither?” Next, they repeated their evaluation of
pigmentation and its impact on gradeability on the
sets of uncorrected and corrected fundus photographs.
Finally, they indicated their preference for either
fundus photographs or RVSV-OCT montages
for grading for the presence of plus, pre-plus, or
neither.

Results

From the BabySTEPS cohort, 17 imaging sessions
from 15 eyes of 13 infants were included in the
conventional retina view versus RVSV-OCT analy-
sis. At the time of clinical examination, 7 had plus
disease, 4 had pre-plus, and 6 had neither; with regard
to fundus pigmentation, 11 were classified as blond,
5 as medium, and 1 as dark. Mean gestational age was
26.1 (SD = 2.8) weeks; mean birth weight was
742.1 (SD = 242.4) grams; mean postmenstrual age at
imaging was 38.3 (SD = 4.7) weeks.

The three pediatric ophthalmologist graders
preferred the RVSV-OCT montage over the conven-
tional retina view montage for grading posterior
pole vascular severity in 36/51 (71%) gradings (17
images times 3 graders, equals 51 total gradings), and
the majority of graders preferred the RVSV-OCT
montage in 11/17 (65%) cases. Graders frequently
mentioned improved retinal vessel visualization on
RVSV-OCT montage compared with the conven-
tional retina view, citing “more distinct retinal vessels”
(n = 15/51), “crisper retinal vessel margins” (n = 8/51),
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Figure 3. Comparison of en face OCT images taken at the bedside of the same preterm eye. (A) Commercial spectral domain OCT (Envisu
C2300, Leica Microsystems); (B) conventional retina view image from investigational, high-speed SS-OCT; and (C) RVSV-OCT montage. The
RVSV-OCT montage features improved pixel density, retinal vessel pattern visualization, and field of view compared with the commercial
image.

“better retinal vessel contrast” (n = 5/51), “more
retinal vessels visible” (n = 3/51), and “absence
of distracting choroidal vasculature” (n = 2/51)
(Figs. 2–4). When graders preferred the conventional
retina view montage over the RVSV-OCT montage,
they cited decreased vessel dilation (n = 7/51) or
presence of artifact (n = 5/51) in the RVSV-OCT.

Graders found 15/17 (88%) RVSV-OCT montages
gradable for plus disease, pre-plus, or neither and all
17montages rankable for relative ROP vascular disease
severity. Of the two ungradable montages, one (ranked
11/17 on the consensus reference score for vascular
disease severity) was deemed ungradable by one grader,
and one (ranked 8/17) was deemed ungradable by
two graders. In these two montages, central artifact
from autosegmentation errors distorted retinal vascu-
lar patterns (Fig. 5). These three ungradable calls (from
two montages) were classified as “not plus” for sensi-
tivity and specificity analyses, and all gradings of these
two montages were excluded from intergrader agree-
ment analysis of plus, pre-plus, or neither grades.

When each individual graded plus, pre-plus, neither,
or ungradable using RVSV-OCT, they agreed with
the reference standard (diagnosis on clinical exami-

nation) in 36/51 (71%) gradings (Fig. 6). The three
graders together agreed with the reference standard on
9/17 (53%) images; this included all 6 images of eyes
with neither plus nor pre-plus on clinical examination
(Fig. 6). When the 51 grades were instead binarized as
“plus” or “not plus” (which included pre-plus, neither
plus nor pre-plus, and ungradable), the sensitivity and
specificity for detecting plus disease were 11/21 (52.4%)
and 28/30 (93.3%), respectively. Of the 10 instances of
missed plus disease, 9 were graded as pre-plus and 1
was deemed ungradable; no eyes with plus disease on
clinical examination were graded as neither plus nor
pre-plus (Fig. 6). In 6/9 (67%) instances inwhichRVSV-
OCT montages of eyes with plus disease on clinical
examination were graded as pre-plus, graders specifi-
cally cited insufficient venous dilation for plus disease
in their rationale (Fig. 7).

Among the 15 RVSV-OCT montages that all three
graders found to be gradable for plus, pre-plus, or
neither, graders agreed with each other in 35/45 (78%)
grading pairs. Overall, intergrader agreement for plus,
pre-plus, or neither was good (weighted κ 0.67; 95%
confidence interval, 0.42–0.86). In contrast, relative
ROP vascular disease severity rankings exhibited
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Figure 4. Montaged conventional retina viewOCT images (left) and RVSV-OCT images (right) from investigational, bedsideOCT of preterm
eyes with (A) neither plus nor pre-plus; (B) pre-plus; and (C) plus disease. Horizontal black lines in RVSV-OCT images represent artifact due to
autosegmentation errors.

excellent intergrader agreement (ICC 0.98; 95%
confidence interval, 0.96–0.99). The relative sever-
ity rankings also correlated well with plus, pre-plus, or
neither grades on clinical examination (Fig. 8).

In the post hoc review, grader comments regard-
ing RVSV-OCT montage quality and vessel contrast
did not appear to be impacted by fundus pigmenta-
tion, which inspired the post hoc pigmentation analysis.
For this post hoc analysis of color photographs versus
RVSV-OCT, we included 6 imaging sessions from
5 eyes of 3 infants. At time of clinical examination,
2 had plus disease, 2 had pre-plus disease, and 2 had
neither; and 3 had blond pigmentation, and 3 had

dark pigmentation. Graders correctly identified fundus
pigmentation in 2/18 (11%) gradings using RVSV-OCT
montages compared with 14/18 (78%) gradings using
sets of fundus photographs (Fig. 9). Graders reported
that fundus pigmentation impacted their ability to
grade plus, pre-plus, or neither in 2/18 (11%) RVSV-
OCT montages compared with 12/18 (67%) sets of
fundus photographs. Graders preferred the RVSV-
OCT montages for grading in 8/18 (44%) gradings
and the majority of graders preferred RVSV-OCT
montages for grading plus, pre-plus, or neither in 2/6
(33%) cases, citing clearer vessel visibility (n = 5/18) or
reduced glare (n = 4/18). Graders preferred the fundus
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Figure 5. RVSV-OCT images demonstrating artifact (white arrows) due to errors in segmentation of the RPE (red line) in the corresponding
cross-sectional scans. (A) Central artifact traced along dilated and tortuous posterior pole vessels in this eye with plus disease on clinical
examination. Artifact obscured retinal vessel visualization and resulted in one grader deeming the image ungradable for plus, pre-plus, or
neither. The dilated and tortuous vessels (V)may represent a transition point between regions of accurate and inaccurate autosegmentation.
(B) In contrast, peripheral artifact occurred in a majority of RVSV-OCT scans but did not impact image grader’s assessment of posterior pole
retinal vessel visualization or image gradability.

Figure 6. RVSV-OCT images ordered by themedian (consensus) relative vascular disease severity ranking from least (1) tomost (17) severe,
with corresponding clinical examination grades and plus (P), pre-plus (PP), or neither (N) RVSV-OCT grades for each grader. U, ungradable.
Shading indicates disagreement with clinical examination grade. Each grader had a unique cutoff point for the diagnosis of pre-plus (orange
line) and plus (red line) disease.
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Figure 7. Inconsistent representation of vessel dilation on en face OCT images of a preterm eye with plus disease on clinical ROP examina-
tion. Graders notedmore vessel dilation in the (A) conventional retina viewOCT image comparedwith the (B) RVSV-OCT image. This resulted
in two graders incorrectly grading this eye as having pre-plus disease, rather than plus disease. In their grading rationale, these two graders
noted that the eye had insufficient dilation for plus disease on RVSV-OCT.

Figure 8. Consensus (median) relative vascular disease severity rankings for 17 RVSV-OCT montages, from least (1) to most severe (17),
versus individual grader rankings. Relative vascular disease severity rankings exhibited excellent intergrader agreement (ICC 0.98) and corre-
lated well with plus, pre-plus, or neither diagnosis on clinical examination.

photographs for grading in 10/18 (56%) gradings and
the majority of graders preferred fundus photographs
for grading in 4/6 (67%) cases, citing greater field
of view (n = 6/18) or lack of apparent artifact (n
= 3/18). Despite varying preferences for RVSV-OCT
versus fundus photograph for grading plus, pre-plus,
or neither, all graders expressed comfort using either
imaging modality for grading.

Discussion

This report describes a novel method for extract-
ing two-dimensional en face RVSV-OCT images from
structural OCT scans in preterm infants, a comparison
of montaged RVSV-OCT to both conventional retina
view OCT and wide-field fundus photographs, and
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Figure9. Comparisonof fundusphotographs andmontagedRVSV-OCT images inpretermeyeswith (A) blondand (B) dark funduspigmen-
tation. Fundus pigmentation appeared to impact retinal vessel visualization in the unadjusted (top left) and brightness- and contrast-
adjusted (bottom left) fundus photographs, but not in the RVSV-OCT (right). In the darkly pigmented eye, autosegmentation errors resulted
in artifact in the nasal periphery of the RVSV-OCT (white arrows, B). Montaged RVSV-OCT field of viewwas smaller than that of a single fundus
photograph (black outline, A).

the application of montaged RVSV-OCT for grading
and ranking ROP posterior pole vascular disease by
ophthalmologists. Our study found that montaged
RVSV-OCT was preferred to conventional retina view
OCT for grading of posterior pole vascular disease in
a majority of cases and gradings, that fundus pigmen-
tation did not appear to impact vessel visualization
on RVSV-OCT, and that ROP screeners were able to
reliably and consistently rank relative posterior pole

vascular disease severity for ROP using RVSV-OCT
montages.

The optimized RVSV-OCT images have several
advantages over conventional retina view OCT images.
The extraction of RVSV-OCT images exclusively
from volumetric data around the autosegmented RPE
results in the elimination of distracting choroidal
vasculature. Our findings suggest that the elimina-
tion of choroidal patterns improves visualization of
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retinal vessels, and is advantageous for grading by
clinicians. By extracting volumetric data around the
RPE, we also eliminated choroidal pigment, which
develops at approximately 34 weeks post-menstrual
age45 and has been shown to impact OCT scan depth
and quality,46 which may explain graders’ inability to
identify fundus pigmentation on RVSV-OCT images.
However, the preponderance of blond fundi in this
pilot study (9/17) may limit the generalizability of this
finding. This selective extraction procedure is enabled
by custom infant-specific autosegmentation software
that accurately delineates retinal layers in preterm eyes,
despite a range of post-menstrual ages and stages
of retinal development. The autosegmentation process
also produces retinal thickness data across the volume.
This provides a measure of axial tortuosity and has
been one factor used in the VASO.37 We did not
test it here, as it is an additional OCT measure that
does not have an equivalent in current plus disease
grading. In future studies, we will examine the value
of combining thickness map data with RVSV-OCT
images. Additionally, automontage combines individ-
ual RVSV-OCT images, which have a relatively small
field of view because of the noncontact nature of
the investigational system, into a single montage that
covers a larger area of the posterior pole. Overall, these
montaged RVSV-OCT images appear to be a signifi-
cant improvement over individual en face OCT images
currently available at the bedside.

The investigational SS-OCT system used to capture
these RVSV-OCT images also overcomes several limita-
tions of current bedside imaging systems. The high
capture speed of the 200 kHz investigational OCT
systemmaximizes data acquisition during scan periods
that are necessarily limited in awake, nonfixating
infants. This enables the creation of RVSV-OCT images
with greater pixel density, and therefore higher quality,
than commercial en face OCT images. Second, the use
of a noncontact probe enables the capture of retinal
vessel patterns, potentially useful for ROP screen-
ing, without retinal vessel changes47 or the stress
response that can be created by a contact fundus
camera.

Our findings support the feasibility of using RVSV-
OCT montages for ranking relative posterior pole
vascular disease severity in preterm infants at risk
for ROP. All 17 RVSV-OCT montages were rankable
for relative vascular disease severity, and the rankings
featured excellent intergrader agreement and corre-
lated well with plus, pre-plus, or neither diagnoses on
clinical examination. RVSV-OCT imagesmay therefore
have sufficient retinal vessel visualization for the reliable
demonstration of relative ROP vascular disease sever-
ity in preterm eyes.

However, having graders evaluate RVSV-OCT
montages to assess for plus or pre-plus disease, or
even the single clinician determining plus or pre-plus
at the bedside, had limitations. For example, in the
RVSV-OCT versus conventional retina view analysis,
central artifact from automated image processing
errors obscured retinal vessel patterns and resulted in
two RVSV-OCT montages being deemed ungradable
by at least one grader. Additionally, in the RVSV-
OCT versus fundus photograph analysis, the presence
of artifact contributed to graders’ preference for
the fundus photograph over the RVSV-OCT in a
majority of cases, despite graders’ observations that
vessel visualization on the fundus photograph was
impacted by fundus pigmentation. In these RVSV-
OCT montages, all from eyes with plus or pre-plus
disease on clinical examination, this central artifact
itself may be an indication of the presence of dilated
and tortuous retinal vessels, comparable to the VASO
score.37 We have recently developed a new version
of the segmentation algorithm, which may improve
autosegmentation accuracy and decrease RVSV-OCT
artifact in the future. Graders also frequently disagreed
on plus, pre-plus, or neither grades, despite high agree-
ment on relative vascular disease severity ranks.
Intergrader variation in the diagnosis of plus disease
has been well documented in the literature,48–50 and
may be attributable to grader-specific biases to under-
call or overcall pre-plus and plus disease.51,52 This
can also apply to a single clinician who determined
the plus disease at the bedside (our gold standard).
The relatively low intergrader agreement for plus,
pre-plus, or neither grades may therefore be due not to
limitations of the RVSV-OCT montages themselves,
but to unique disease thresholds for each grader,
despite the existence of standardized grading criteria.
We attempted to minimize this limitation by provid-
ing standardized photographs of pre-plus and plus
disease and instructing graders to grade the RVSV-
OCT based on standardized criteria, but our findings
suggest that some degree of bias remained. In a future
study, the application of either an objective, semi-
or fully automatic plus disease classification system
(i.e., machine learning), or a rigorous three-grader
consensus, to these RVSV-OCT images and to the
reference color fundus image, may address this bias.
Finally, reviewer comment that there was decreased
vessel dilation on RVSV-OCT suggests that the process
of restricting volumetric OCT data to a narrow axial
window bracketed around the RPE may impair the
representation of venous dilation on RVSV-OCT.
Previous work suggests that retinal vessels are signif-
icantly wider than their corresponding shadows, as
measured on spectral domain OCT.53 Therefore a



RVSV-OCT for Plus Disease TVST | August 2020 | Vol. 9 | No. 9 | Article 16 | 12

potential explanation for this decreased representation
of vessel dilation is that the RVSV-OCT illustrates the
relatively narrow retinal vessel shadows on the hyper-
reflective RPE, rather than the vessels themselves. This
may in part explain the low sensitivity RVSV-OCT
gradings had for detecting plus disease; in the major-
ity of instances of missed plus disease, graders cited
insufficient dilation for plus disease in their grading
rationale.

Although promising, these RVSV-OCT creation
methods need to be further optimized. The imaging
protocol used in BabySTEPS resulted in anisotropic,
950 × 126 pixel scans, which although higher quality
than commercial images, are not optimized for en face
viewing. Isotropic scan protocols may improve retinal
vessel visibility and graders’ ability to detect posterior
pole vascular disease on RVSV-OCT images. Similarly,
RVSV-OCT capture was not optimized for automon-
taging, which requires overlap between adjacent en face
images. This may have limited the number of images
automontaged and the field of view of the resulting
RVSV-OCT montage, which was smaller than that of
a single wide-field fundus photograph. More consis-
tent overlap between adjacent scans and capture of
the peripheral retina may improve the utility of RVSV-
OCT montages, as increased field of view contributed
to graders’ preference for fundus photographs over
RVSV-OCT and has been shown to improve the relia-
bility of plus disease diagnoses.54 Aditionally, a rigor-
ous comparative analysis is needed to optimize RVSV-
OCT extraction protocol and standardize representa-
tion of venous dilation in RVSV-OCT images. We also
recognize the need for a larger study to more rigor-
ously assess sensitivity and specificity against a less
subjective reference standard than was possible with
this limited dataset and single bedside clinical assess-
ment. A larger goal-directed prospective study, with
color fundus photographs and an imaging and process-
ing protocol prioritizing the production of high-quality
RVSV-OCT images taken from preterm infants with a
more representative distribution of fundus pigmenta-
tion, would aim to address these limitations.

Conclusions

This report of an exploratory pilot study describes
the automatic creation of montaged RVSV-OCT
images, optimized for retinal vessel visualization in
preterm infants. Our findings suggest that RVSV-OCT
montages have sufficient quality and retinal vessel
visualization to enable grading of relative ROP poste-
rior pole vascular disease severity by ophthalmolo-

gists. Although there is clearly future work to be
done, especially for assessment of vessel dilation, these
RVSV-OCT images could eventually represent an alter-
native to current ROP screening methods.
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