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Application of a Quantitative Vascular Severity
Score in Retinopathy of Prematurity in the
United States and India: New Insights Into
Disease Epidemiology and Pathophysiology
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o PURPOSE: To compare the epidemiology and phenotypic
characteristics of 2 populations of patients with retinopa-
thy of prematurity (ROP) using a quantitative artificial
intelligence (AI)—derived vascular severity score (VSS).
e METHODS: We retrospectively analyzed 2 data sets of
ROP images: (1) The iROP data set including 1019 ba-
bies and 6552 eye-level examinations developed as part
of a large US multicenter cohort study from 2012 to
2020. (2) 8281 consecutive ROP telemedicine examina-
tions from 2363 babies in the Indian Aravind Eye Care
System (AECS), from 2019 to 2020. We analyzed all eye
examinations using the iROP DL system, which outputs a
VSS from 1 to 9. The main outcome was the relationship
between the VSS and the zone, stage, and extent of stage
3 in each data set, assessed using generalized estimating
equations to account for the correlation from bilateral and
repeated examinations.

e RESULTS: In both data sets, higher VSS was associ-
ated with higher stage (P < .001 for all stages in both
data sets), higher extent of stage 3 (i-ROP, P =.004, and
AECS, P < .001), and a more posterior zone for a given
stage of ROP (i-ROP: stage 1, P = .04, stage 2, P <
.001, and stage 3, P < .001; AECS: stage 1, P < .001,
and stage 3, P < .001). For any given stage, the VSS was
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lower in the AECS data set than in the i-ROP data set
(all P < .001).

e CONCLUSIONS: In both populations, the VSS was
associated with more posterior zone and higher ROP
stagefextent, though on average the VSS was lower
in the AECS population. A correlation between
measured VSS and intraocular vascular endothe-
lial growth factor concentration might explain both
findings. (Am ] Ophthalmol 2026;290: 123-136.
© 2026 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/))

INTRODUCTION

e A HISTORICAL LOOK AT RETINOPATHY OF PREMA-
TURITY: Understanding the regional epidemiology of
retinopathy of prematurity (ROP) has always depended on
identifying a given region’s evolution in the broader epi-
demiologic transition of the modern era, specifically as it
reflects neonatal mortality and the survival of prematurely
born infants."? In regions and times where premature in-
fants do not survive, the incidence of ROP is low. As neona-
tal care, including resuscitation of earlier preterm infants,
increases, the incidence of ROP rises significantly. Finally,
as modern neonatal care practices mature, including careful
monitoring and titration of oxygen, minimization of infec-
tion, and optimization of nutrition, the incidence of severe
ROP levels out with the risk of ROP being primarily related
to the degree of preterm birth.!"?

Looking back at the evolution of ROP in the 20th
century, these transitions have been described in terms of 3
“epidemics.” Although these are not true epidemics in the
epidemiologic sense, the schema has become so ingrained

© 2026 THE AUTHOR(S). PUBLISHED BY ELSEVIER INC.

0002-9394/$36.00
https://doi.org/10.1016/j.aj0.2026.06.008

THIS IS AN OPEN ACCESS ARTICLE UNDER THE CC BY LICENSE 123
(HTTP://CREATIVECOMMONS.ORG/LICENSES/BY/4.0/)


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajo.2026.06.008&domain=pdf
mailto:campbelp@ohsu.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ajo.2026.06.008

in our understanding of ROP that we will continue to
use the term here. The first epidemic of what we now call
ROP occurred with the advent of modern neonatal care
in the mid-20th century in high-income regions and was
characterized by babies developing “retrolental fibropla-
sia” (RLF) with total retinal detachments after surviving
premature birth.>* In the next few decades, as our un-
derstanding of the spectrum of disease and its risk factors,
including exposure to oxygen, infection, etc., improved,
the incidence of severe ROP decreased dramatically, before
any proven treatment or formal disease classification. The
major lesson from the first epidemic of ROP was the key
role of primary prevention in reducing the number of
children with retrolental fibroplasia.

The second epidemic of ROP evolved as modern neona-
tal care pushed the boundaries of viability to lower and
lower gestational ages (GAs). In the first epidemic, babies
born at 34 weeks might develop RLE, and babies born at
less than 30 weeks were not surviving. Optimizing neona-
tal care and our understanding of ROP physiology changed
both of these things; in the second epidemic, the 34-week
baby was no longer developing severe ROP, but babies at
younger and younger GAs were surviving. Conceptually, we
remain in this phase of the disease and will remain so for
the foreseeable future in higher-income countries, where
babies as young as 22 weeks are now surviving.” The 2
largest risk factors in this era for severe ROP are the de-
gree of prematurity and the exposure to oxygen necessary for
survival.”©

The so-called third epidemic of ROP reflects the broader
epidemiologic transition that is occurring throughout low-
and middle-income countries worldwide.">>” In these re-
gions, not only is the rate of premature birth higher, but
resource constraints limit the ability of emerging neona-
tal care units to provide optimal staffing and monitoring
of infants, and the lack of screening means that many
babies progress to retinal detachment and blindness, de-
spite the advancements in ROP care in the last 50 years
which have demonstrated that this outcome is nearly al-
ways avoidable. India is a country of >1 billion people and
has one of the highest prematurity rates in the world. As
health care conditions have improved in the last 3 decades,
ophthalmologists in India have begun to see what might
rightly be described as an emerging epidemic of retrolental
fibroplasia.®’

In many ways, the third epidemic and the first epidemic
of ROP share a number of similarities; fewer premature ba-
bies were (are) developing severe ROP, in large part due
to access to unregulated oxygen. As described previously,
the solution to the third epidemic is multifaceted—first
and foremost, improving primary prevention will reduce the
population at risk and the incidence of severe ROP for any
given GA. But secondarily, systems need to be developed
to provide secondary prevention through ophthalmology-
led ROP screening, either in person or via telemedicine, in
each region where babies are surviving. There are a number
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of ways to accomplish this, but first it is important to take
a step back and look at how we diagnose and classify ROP
and how this has changed as the epidemiology of ROP has
evolved.

e DISEASE PHENOTYPES, CLASSIFICATION, AND TREAT-
MENT: The International Classification of ROP (ICROP)
was first defined in the 1980s, in conjunction with the plan-
ning and execution of the first randomized clinical trial of
cryotherapy (CRYO-ROP).!®!! The ICROP defined the
language that enabled clinicians to interpret and apply
treatment consistently based on the ophthalmoscopic ex-
amination findings. ICROP defined the “zone,” which is a
method for describing the extent of retinal vascularization
from the optic nerve to the ora serrata—a process that nor-
mally completes by term birth but is in various degrees of
immaturity with premature birth. The “stage” of disease was
defined as the degree of pathology at the vascular-avascular
border. Plus disease was defined as marked dilation and tor-
tuosity of the posterior retinal blood vessels, occasionally
associated with neovascularization of the iris and/or an en-
larged persistent tunica vasculosa lentis. Interestingly, this
finding, now called plus disease, was one of the earliest
recognized risk factors for subsequent retrolental fibropla-
sia in the earliest descriptions of the disease. The CRYO-
ROP study used the definitions from ICROP to evaluate
whether treatment of “threshold ROP” would lead to im-
proved anatomical outcomes (fewer retinal detachments).
Threshold ROP was defined as 5 contiguous clock hours of
stage 3 or 8 noncontiguous clock hours of stage 3, in zone |
or 11, with plus disease. Subsequently, cryotherapy became
the standard of care after the publication of this study in
1988.

The treatment “threshold” was re-evaluated in the Early
Treatment for ROP (ETROP) study, published in 2003.!?
ETROP evaluated whether treatment of “pre-threshold”
ROP might improve outcomes and found that treatment of
“type 1” prethreshold ROP was advantageous over waiting
for threshold disease to develop. This changed the treat-
ment criteria to zone I or II ROP, any stage, with plus dis-
ease, or zone I, stage 3 (with or without plus disease).'” No-
tably, this shift removed the only “measurable” or quantifi-
able biomarker for disease severity—the number of clock
hours of stage 3 that defined threshold ROP—and replaced
it with the simpler but more subjective heuristic that (apart
from zone I, stage 3), treatment depended only on whether
plus disease was present or absent.

The ICROP was revisited shortly after the ETROP was
published and introduced several new concepts, including
increased recognition of the importance of zone I ROP, the
introduction of aggressive posterior ROP (APROP), and
the concept of “pre-plus” disease, all of which are impor-
tant phenotypic characteristics that have certain epidemi-
ologic and prognostic implications."” Zone I ROP was rec-
ognized to be at higher risk for progression and was related
to the main demographic risk factor—GA. The lower the
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GA, the more posterior the zone of ROP is, in general, and
the more oxygen is required for resuscitation, on average.
APROP was most common in zone | eyes and was defined
both by its phenotypic appearance (flat neovascularization
rather than the more traditional “staged” appearance and
plus disease “out of proportion” to the degree of apparent
stage) and functionally by its faster progression to retinal
detachment. Finally, the introduction of pre-plus reflected
the earliest acknowledgment that vascular changes associ-
ated with plus disease were not a binary disease character-
istic.!* 15

Therapies have evolved over time, both with and with-
out clinical trials. Between CRYO-ROP and ETROP, in-
direct laser photocoagulation replaced cryotherapy as the
standard of care, without a pivotal study comparing the 2
treatment modalities. Subsequent to ETROP, there have
been several pivotal clinical trials for anti-vascular en-
dothelial growth factor (anti-VEGF) treatments.'*!8 Al-
though these have not changed our indications for treat-
ment, anti-VEGF has become increasingly the first line
for the highest-risk eyes (e.g., zone I and APROP eyes),
with multiple studies demonstrating improved anatomic
outcomes with anti-VEGF compared with laser in this pop-
ulation.!”?!

The most recent iteration of ICROP was published in
2021 with several key goals: to be more broadly representa-
tive of the spectrum of pathology found both in high- and
low-income regions (second and third epidemics), to intro-
duce new concepts unique to the anti-VEGF era, such as re-
activation, and to further elaborate on the spectrum of plus
disease. APROP was renamed aggressive ROP (AROP) be-
cause, in the third epidemic regions, AROP can occur in
zone I eyes with high oxygen exposure. This often leads to
phenotypic appearances that differ from traditional zone 1
“APROP.”?%?> Whereas the 2005 ICROP introduced the
concept of pre-plus, the 2021 edition’’ formally acknowl-
edged that dilation and tortuosity reflect a spectrum of dis-
ease severity, a finding that was largely the result of a decade
of literature identifying discrepancies in the diagnosis of
plus disease, in part due to systematic bias and the chal-
lenges of consistently applying a reference standard image
to clinical care.

o THE IMPACT OF DIGITAL IMAGING: The incorporation
of digital imaging has provided a number of opportunities
not only to improve ROP care but also to advance ROP re-
search.”?*?% Clinically, it has enabled the ability to photo-
document disease for the medical record and to compare
over time, which has proven to be an important capabil-
ity.”’° It has also enabled remote “tele-ROP” monitor-
ing systems, such as SUNDROP’! in the United States,
KIDROP,” and the Aravind Eye Care System (AECS) ROP
telemedicine programs in India, which have been force
multipliers in enabling ROP screening especially in rural
and low-income regions.’®*> %
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Imaging has also led to a better understanding of the pat-
terns of ROP diagnosis (and misdiagnosis). Although a full
review of this area is beyond the scope of this paper, the
early work exploring interobserver variability in plus disease
is relevant. Because ETROP changed practice and elevated
the importance of plus disease, it became more important
to understand how this diagnosis was made in practice. De-
spite a photographic standard for plus disease, analysis of ex-
pert diagnostic patterns revealed a high degree of disagree-
ment.”*** Subsequent qualitative analysis yielded insights
that not only did clinicians disagree on the outcome, they
often disagreed on the process of how to make the diagno-
sis.””

Over time, larger imaging data sets enabled larger studies
of the pattern of expert behavior, and it became clear that
a key underlying factor was that plus disease was a spec-
trum, with some experts over- and underdiagnosing com-
pared with their colleagues, without any objective stan-
dard to apply.’®>*" It further became apparent that this bias
was leading to real-world treatment differences,”’>*
plicated efforts to train ophthalmologists,’” and may be sub-
ject to temporal drift—that is, the level of disease at which
the average clinician diagnoses “plus” might be changing
over time.”” The presence of large data sets of ROP images
also emerged as interest in machine learning and artificial
intelligence (Al) in medicine was rapidly evolving, which
led to attempts to classify and quantify plus disease.

com-

o APPLICATIONS OF AN ROP VASCULAR SEVERITY SCORE:
There have been multiple groups and methodological ap-
proaches focused on using Al for the diagnosis of plus dis-
ease.*"*” The ROPTool was one of the earliest approaches
that used a semi-autonomous method integrating user in-
put and output quantitative assessments of tortuosity and
dilation, which could then be compared with clinical diag-
noses.*>*” Subsequent work using feature extraction meth-
ods led to a classifier that could diagnose plus disease at least
and clinical experts, but it required manual segmentation
of the retinal vessels as input.*’ In 2018, using the Imag-
ing and Informatics in ROP (i-ROP) data set, the i-ROP
deep learning (i-ROP-DL) algorithm used a convolutional
neural network (CNN) to classify 3-level plus disease, in-
cluding as international experts, without requiring manual
segmentation by training a separate network to extract the
vessel segmentation.**

The i-ROP-DL algorithm was developed based on refer-
ence standard input images for no plus, pre-plus, and plus
and outputted not only a diagnosis but also a 3-level prob-
abilistic output that summed to 1. Using this output, the
team converted the 3 probabilities (P) into a weighted “vas-
cular severity score” (VSS) from 1 to 9, based on the rough
equation 1 x P (“no plus”) + 5 x P (“pre-plus”) + 9 x
P (“plus”). This resulted in a 1 to 9 scale where 1 trans-
lated to thin, narrow, and straight vessels and 9 reflected
severe plus disease, typically AROP.*>#® Validation studies
demonstrated not only that it corresponded to the spectrum
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of plus disease among experts,*’ but also that it increased
with higher stage, higher extent of stage 3, and more pos-
terior zone.”> As a result, a single photo could yield a VSS
that corresponded to the overall ICROP classification of an
eye. 04547 Subsequently, the VSS concept has been used
for a number of different applications, including assistive
diagnosis,”® autonomous screening,’’ longitudinal disease
monitoring,*>** and integrated risk prediction.’”>>’

For the purposes of this study, 2 specific applications of
the VSS will be analyzed. First, although it is not surprising
that the VSS correlates with plus disease diagnostic labels—
indeed, it was trained on them—it was a novel finding to
recognize that it correlated with more posterior zone and
higher disease stage, all biomarkers of more severe ROP.
However, the original description of this finding was pub-
lished based on the same data set from which the algo-
rithm itself was developed and reflected only a North Amer-
ican population. In this study, we chose to analyze a sec-
ond data set of images from the AECS, Coimbatore ROP
telemedicine program that reflects some of the phenotypic
variability of both second and third epidemic ROP.

Second, because the VSS reflects a surrogate of the level
of ROP in an infant, it also works for population-level
epidemiologic assessment by averaging individual baby-
level data into neonatal care unit (NCU) level or re-
gional data.’*° Previous work demonstrated the value of
an “institutional” VSS that could be used to compare the
severity of ROP geographically and over time.’**® In the
United States, these differences were associated with un-
derlying demographic risk (mean GA and birthweight of
various NCUs),’® whereas in an older AECS population
(2015-2017), we found stronger associations with local
NCU resources, such as the presence and use of oxygen
blenders and pulse oximeters.”> We further found that the
population-level VSS correlated with changing ROP epi-
demiology over time in South India between 2015 to 2017
and 2019 to 2020, strongly suggesting improvements in
neonatal care in that region over a relatively short period of
time.’*

In this study, we use an eye-level VSS to compare dif-
ferences in the quantitative relationship between VSS and
ICROP classification across the 2 populations: the i-ROP
cohort and the more recent AECS cohort. The central hy-
pothesis is that the underlying relationship between vascu-
lar severity and higher disease stage and more posterior dis-
ease zone remains intact, despite differences in underlying
ROP epidemiology and phenotypic characteristics.

METHODS

o ETHICAL APPROVALS: This study followed the tenets of
the Declaration of Helsinki and was approved by the insti-
tutional review boards (IRB) at Oregon Health & Science
University and participating i-ROP sites, as well as by the
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Aravind Eye Care System (AECS) IRB before the study be-
gan for prospective data collection. This specific study is a
retrospective investigation of the existing data set and was
covered by the original IRB at all sites. Analyses for this
study were performed on deidentified clinical and imaging-
derived variables. Informed consent was obtained from the
parents of all babies in both countries, and no financial in-
centives were provided.

» DATA SETS: We analyzed 2 independent data sets: the i-
ROP data set and the AECS data set.

i-ROP

From January 2012 to July 2020, the i-ROP Consortium as-
sembled a longitudinal data set of serial retinal fundus im-
ages from infants undergoing routine ROP screening (GA
< 31 weeks, birth weight [BW] <1501 g). Images were ac-
quired using a RetCam3 (Natus) with 5 standard fields of
view captured per session (posterior, nasal, temporal, infe-
rior, and superior). Bedside ophthalmoscopic examinations
were performed in parallel with standardized image review
by expert readers, and a reference-standard diagnosis was
derived by integrating these assessments, as previously de-
scribed.”” Images judged not acceptable for diagnosis by
reader consensus, examinations diagnosed with stage 4 or
5 ROP, and post-treatment examinations were excluded.

AECS

The AECS data set was collected through a telemedicine
screening program in India. Between August 2015 and
October 2017, tele-medical examinations were performed
using a platform designed for diabetic retinopathy tele-
screening. In 2018, iTelegen, a telemedicine and data man-
agement system specifically designed for ROP, was devel-
oped and implemented, with a full transition occurring in
2019. Therefore, the AECS data set was split into 2 time
periods based on which system was used: August 2015 to
October 2017 and February 2019 to December 2020, the
latter of which was used for the primary analysis and la-
beled “AECS,” unless otherwise specified. The 2015-2017
and 2019-2020 data sets screened infants across 18 and 48
neonatal care units (NCUs), respectively. Trained techni-
cians acquired images using either a RetCam Shuttle (Na-
tus) or a Forus 3nethra (Forus) from infants meeting the
Indian screening guideline criteria (GA < 34 weeks, BW
< 2000 g), capturing multiple retinal fields of view. For this
data set, the telemedical diagnoses were used as the ground
truth. The exclusion criteria were analogous to those of i-

ROP.

e QUANTITATIVE VSS ANALYSIS: Vascular severity was
quantified using an Al-derived VSS from the i-ROP-DL al-
gorithm, using methods previously published and illustrated
in Figure 1.%> Specifically, after automated image quality as-
sessment, we averaged the image-level VSS output from all
available images for each eye examination, yielding a single
eye-level VSS per examination.
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FIGURE 1. Process for creation of an eye-level VSS. All images from an eye examination are input into the algorithm. A quality
step is performed as a preprocessing step that identifies the presence of an optic nerve in the image. This ensures the media are clear
enough to visualize the disc, the image reflects the back of the eye, and the field of view is relatively posterior. A segmentation step
is applied to images that pass the quality check. The algorithm then assigns probabilities to no plus, pre-plus, and plus, which are
converted to a 1 to 9 scale for each image. All images are then averaged for an eye-level VSS. VSS = vascular severity score.

e CROSS-SECTIONAL ANALYSIS: Within each data set, we
tested cross-sectional associations between examination-
level VSS and ICROP definitions for zone, stage, plus, and
the extent of stage 3. We evaluated associations of VSS with
plus disease (normal, pre-plus, plus) and ROP category (no
ROP, mild ROP, type 2 ROP, or any ROP with pre-plus,
TR-ROP), and stage (0-3) after stratifying by zone (I-II).
We also evaluated associations of VSS with clock-hour ex-
tent of stage 3 ROP, categorized as <3, 3 to 6, and >6 hours.
Extent was measured during the ophthalmoscopic examina-
tion in the i-ROP data set and by manual image review by
a physician with expertise in diagnosing ROP in India via

telemedicine (SN).

* LONGITUDINAL ANALYSIS: Within each data set, we
evaluated longitudinal patterns in examination-level VSS
across PMA. PMA was binned into 2-week intervals from
30 to 40 weeks. Longitudinal models included PMA bin,
treatment status (treatment-requiring [TR] vs non-TR),
and their interaction to assess whether VSS trajectories dif-
fered over time between treated and untreated eyes.

o STATISTICAL ANALYSIS: All analyses were performed us-
ing R (version 4.5.1). The unit of analysis was either a
patient or an eye exam. Baseline demographic character-
istics were compared between cohorts at the infant level
using Wilcoxon rank sum tests and 2-sample proportion
tests, where appropriate. All inferential analyses used gen-
eralized estimating equations (GEE) to account for corre-
lation from repeated exams within infants (and both eyes
when available). Gaussian family models with an identity
link and robust (sandwich) standard errors were fit, cluster-
ing on infant. Omnibus Wald tests and prespecified pairwise
contrasts estimated from model-based marginal means with
Holm adjustment for multiple comparisons were used. Sta-
tistical significance was defined as P < .05.
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RESULTS

e PATIENT-LEVEL DEMOGRAPHICS AND EXAMINATION-
LEVEL FINDINGS: Tables 1 and 2 highlight the patient-
level and examination-level demographics in the 2 data
sets for both TR and non-TR infants. The i-ROP data set
included images from 6552 examinations from 1019 ba-
bies, and the AECS data set included images from 8281
exams from 2363 babies. Table 1 demonstrates substan-
tial between-cohort differences in examination-level dis-
ease severity and topography. Overall, eyes in the AECS
cohort were more likely to be in zone III on examination
(P < .001), whereas i-ROP had a higher proportion of zone
I eyes (P < .001). The proportion of eyes with TR-ROP was
higher in i-ROP (201/6552 [3.2%]) compared with AECS
(123/8281 [1.5%], P < .001). Table 2 demonstrates the de-
mographic variables for TR and non-TR babies in both data
sets. There are several notable differences. The mean GA
and BW were higher in the AECS data set in both TR and
non-TR groups and were significantly lower in TR babies
in both data sets.

o CROSS-SECTIONAL ANALYSIS: Figure 2 demonstrates the
relationship between the eye-level VSS and the ICROP
classification of zone, stage, extent of stage 3 disease, plus
disease, and overall category. There was a direct relation-
ship between the VSS and the clinical diagnosis of stage
in both data sets (Figure 2, A, all P < .001). In i-ROP, we
found that for stages 1 (P = .044), 2 (P < .001), and 3 (P
< .001), VSS was higher in more posterior zones (Figure 2,
B). This finding held for stages 1 (P < .001) and 3 (P <
.001) in the AECS data set. Traditionally, ROP classifica-
tion has recorded the “extent” (number of clock hours) of
each stage. In these data sets, we only had labels for the
extent of stage 3 but found that the VSS increased with
a higher extent of stage 3 in both i-ROP (P = .004) and
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TABLE 1. Examination-Level Distribution of Zone, Stage,
Plus, and Stage 3 Extent in i-ROP and AECS

Diagnosis i-ROP, n (%) AECS, n (%)
Category
None 2683 (42.3) 6843 (83.0)
Mild 2328 (36.7) 981 (11.9)
Moderate 1138 (17.9) 296 (3.6)
TR 201 (3.2) 123 (1.5)
AROP? 46 (0.7) 84 (1.0)
Plus
Normal 5260 (80.3) 7931 (95.8)
Pre-Plus 1086 (16.6) 306 (3.7)
Plus 206 (3.1) 44 (0.5)
Stage by zone
Zone | 335 (5.1) 88 (1.1)
Stage 0 49 (0.7) 42 (0.5)
Stage 1 79 (1.2) 5(0.1)
Stage 2 104 (1.6) 13 (0.2)
Stage 3 103 (1.6) 28 (0.3)
Zone Il 6106 (93.2) 3398 (41.0)
Stage 0 2624 (40.0) 2066 (24.9)
Stage 1 1545 (23.6) 541 (6.5)
Stage 2 1571 (24) 682 (8.2)
Stage 3 366 (5.6) 109 (1.3)
Zone lll 11 (1.7) 4795 (57.9)
Stage 0 90 (1.4) 4696 (56.7)
Stage 1 19 (0.3) 87 (1.1)
Stage 2 2(0.1) 12 (0.1)
Stage 3 0 (0.0) 0 (0.0)
Extent of stage 3
<3 clock hours 253 (53.9) 75 (54.7)
3-6 clock hours 191 (40.7) 58 (42.3)
>6 clock hours 25 (5.3) 4(2.9)

2TR and AROP categories may overlap.
AECS = Aravind Eye Care System.

AECS (P < .001), as found in Figure 2, C. Unsurprisingly,
there was a relationship between the VSS and the clinical
diagnosis of plus disease (Figure 2, D, indeed, the VSS algo-
rithm was developed from the plus labels of the i-ROP data
set), but confirmation in a new data set is novel. Finally,
when we evaluated VSS across the overall category of dis-

ease (none, mild, type 2/preplus, or type 1/treatment requir-
ing), VSS increased with worsening ROP in both data sets
(Figure 2, E, both P < .001). Interestingly, at all levels of
comparison, the VSS was lower in the AECS data set com-
pared with i-ROP, including stage (all P < .001, Figure 2,
A), plus disease (all P < .001, Figure 2, D), and category
(“None” P =.002, all other P < .001, Figure 2, E).

e LONGITUDINAL  ANALYSIS: Longitudinal  analysis
demonstrated that eyes that were eventually treated
had higher average VSS at all time points in both data
sets (Figure 3). In i-ROP, eyes that eventually required
treatment had higher VSS than eyes that did not in every
PMA bin (all P < .001). A similar trend was found in
AECS (PMA [38, 40), P =.046; all other P < .001).
Figure 4 demonstrates the relationship between GA and
PMA in eyes that developed TR-ROP in both data sets.
There was a significant difference in underlying GA for
babies who developed TR-ROP across all time points in
this comparative analysis (all P < .001). The mean =+
standard deviation age at treatment was higher in the
i-ROP data set (11.8 £ 3.8 weeks of life) compared with
AECS (6.3 & 3.4 weeks of life, P < .001).

DISCUSSION

In this paper, we evaluate the relationship between an Al-
derived VSS and the full ICROP classification (zone, stage,
plus) in 2 distinct populations. There were several key find-
ings. First, the epidemiology of ROP, including the rela-
tive risk of treatment for a given GA at birth, differs be-
tween the populations. This was assessed by reviewing de-
mographics and treatment outcomes, as well as by evaluat-
ing population-level VSS characteristics. Second, in both
populations, a higher VSS was associated with a higher
disease stage, a more posterior zone, and a greater extent
of stage 3, despite differences in disease epidemiology and
phenotypes. Third, we identified population-level differ-
ences between the VSS and the overall stage/category of
ROP in the 2 populations that merit further investigation—
specifically, the VSS was lower in the Indian population for
a given zone, stage, and extent of disease.

TABLE 2. Demographics of TR ROP in Both Populations

Not Treated Treated
i-ROP AECS p value i-ROP AECS p value
Patients, n (%) 865 (84.9) 2289 (96.9) <0.001 154 (15.1) 74 (3.1) <0.001
Gestational age, mean weeks + SD 277 + 2.3 335+2.8 <0.001 249 + 13 304 +25 <0.001
Birthweight, mean weeks + SD 1017 + 320 1732 + 438 <0.001 661 + 173 1291 + 291 <0.001
AECS = Aravind Eye Care System.
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FIGURE 2. Cross-sectional comparisons of i-ROP and AECS data sets across ROP risk factors. (A) VSS increased with worsening
ROP stage in both data sets (all P < .001), with consistently lower VSS in AECS than i-ROP at a given stage (all P < .001). (B)
For a given stage, VSS tended to be lower in more posterior zones. In i-ROP, this was significant for stage 1 (P = .044), 2 (P <
.001), and 3 (P < .001), and in AECS for stages 1 (P < .001) and 3 (P < .001). (C) Among stage 3 examinations, VSS increased
with greater clock-hour extent of disease (i-ROP P = .004, AECS P < .001). (D) VSS increased with plus disease severity (all P
< 0.001) and (E) overall ROP severity, with i-ROP demonstrating higher VSS than AECS within severity strata (all P < .001).
AECS = Aravind Eye Care System; VSS = vascular severity score.
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FIGURE 3. Longitudinal analysis of vascular severity scores in treated vs non-treated eyes in both data sets. In both data sets, eyes
that eventually required treatment had higher VSS at all time points (all P < .001, except AECS PMA [38,40] P = .046).

* GEOGRAPHIC AND TEMPORAL TRENDS INROPEPIDEMI- | Ky in the United States).”® This explains both the higher

OLOGY: These data highlight some of the key differences
in disease epidemiology between the United States and In-
dia, which are illustrative of high- and low-middle-income
countries in general. The population being screened in In-
dia was older and heavier at birth, which should imply lower
demographic risk, and treated at a younger postnatal age.
There is a circularity here as the screening criteria are dif-
ferent (<34 weeks and 2 Kg in India vs <30 weeks and 1.5
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BW/GA in the AECS population, as well as the higher
proportion of examinations in zone III with stage O (as
the retina is more vascularized at the time of birth in an
older population). But the screening criteria are different
because the risk of severe ROP is higher in India for a given
BW/GA. This can be found in Table 2 which demonstrates
that the mean GA at birth of eyes that develop TR-ROP
in AECS remains >30 weeks, which is barely within US
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FIGURE 4. Scatterplot of gestational age at birth (GA) vs
PMA at time of treatment. There was a significant difference
in underlying GA for babies who developed treatment-requiring
ROP (P < .001). This translated to a mean % standard devia-
tion (SD) post-natal age at time of treatment in i-ROP of 11.8
+ 3.8 weeks compared with the 6.3 + 3.4 weeks in AECS (P
<.001). AECS = Aravind Eye Care System; GA = gestational
age; PMA = postmenstrual age.

screening criteria, and, as Figure 3 reveals, treatment occurs
at a much earlier time point relative to birth.

It is well established that these observed epidemiologic
differences are due in large part to resource constraints
that make optimization of oxygen exposure challenging.'*’
Higher exposure to oxygen than is necessary for resuscita-
tion and life increases the population at risk by increas-
ing the relative risk of ROP for a given BW/GA. This
means that regions such as India, which already have a
higher proportion of premature births, also have a higher
risk of ROP for each preterm baby, and fewer ROP clin-
icians. AECS, along with the KIDROP team, have made
remarkable progress utilizing ROP telemedicine to improve
the effective screening rate across India in the last 10 to 20
years.®?>>% Perhaps most significantly, there is evidence
that these programs are having a measurable impact on re-
ducing the incidence of severe ROP.>* Specifically, in the
AECS ROP telemedicine program, in an approximately 5-
year period from 2015 to 2020, the relative risk of devel-
oping moderate to severe ROP dropped by more than 50%
for a baby of any given BW/GA, due presumably in large
part to education, feedback, and optimization of early oxy-
gen exposure.’* Moreover, this was measurable not only by
manually reviewing the chart for treatment records but also
by using quantitative Al-based approaches to measure indi-
vidual, neonatal-care unit level, and regional levels of ROP.
Nonetheless, the persistent differences in ROP risk between
the incidence of severe ROP for a given BW/GA and the
timing of the onset of severe disease relative to birth sug-
gest that there are ongoing opportunities to reduce the ge-
ographic health disparities in ROP risk.

e VSS REFLECTS DISEASE SEVERITY IN BOTH POPULA-
TIONS: Despite these differences, the fundamental rela-
tionship between vascular severity and the zone, stage, and
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extent of stage 3 remained consistent in both data sets.
Specifically, the higher the stage, the higher the vascular
severity (Figure 2). This relationship was first described a
few years ago®»*’ and has several potential explanations,
including increased shunting with a higher stage leading to
higher flow, as well as the direct effects of VEGE The more
interesting relationship is the association with a more pos-
terior zone and higher VSS. This also raises the question
of a hemodynamic explanation vs a VEGF-driven explana-
tion, because a more posterior zone implies more avascu-
lar retina secreting VEGE Without the ability to directly
measure VEGF in vivo, differentiating these explanations
has been challenging, though it is interesting to hypoth-
esize how and why a more posterior zone might lead to
higher retinal blood flow and VSS for a given degree of ROP
stage. Future work involving hemodynamic modeling may
be helpful to better understand this relationship.®’

e DIFFERENCES IN VASCULAR SEVERITY BETWEEN POPU-
LATIONS: The last key finding was that, on average, the
measured vascular severity, for any degree of ROP, was lower
in India compared with the United States. There are sev-
eral potential explanations for this, which are challenging
to tease apart. First, with the higher GA at baseline, the
mean “zone II” might be more anterior in the India data set
than in the US data set, which is associated with lower VSS,
as described previously. In the future, automated methods of
measuring the extent of retinal vascularization or the area
of vascularized retina may be helpful.’ A second potential
association, related to the underlying differences in neona-
tal care, is that higher oxygen exposure, on average, might
lead to phenotypic differences characterized by lower VSS
on average. Indeed, it is well established that AROP is due,
in part, to higher oxygen exposure. Given the remaining
differences in epidemiology and demographic risk, it may
be that, for all zone/stage/plus combinations, the vessels are
slightly thinner and less tortuous compared with disease in
the United States. Figure 5 highlights 2 examples of AROP
that illustrate some of the similarities and differences be-
tween the historical zone I APROP and the more hetero-
geneous AROP phenotypes.

There are several sources of bias that could also produce
these results. For example, approximately half of the AECS
data set used a different camera system (Forus 3Nethra),
which in theory could introduce bias in the VSS calcu-
lation, although prior work evaluating autonomous ROP
screening by the i-ROP-DL algorithm on the 3Nethra did
not yield false negatives (which might occur with a camera-
specific systematic bias), suggesting that this is not likely the
main explanation.’*’ Furthermore, it is well established
that there can be both individual and group-related differ-
ences in disease classification that affect research compar-
isons. #%%%* This has been well described in prior literature,
both for plus disease and for stage, even among the ICROP
committee members,*’ in a way that has affected prior ROP
multinational clinical trials.’’ If, for example, on average
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FIGURE 5. Examples of AROP in the i-ROP (left) and AECS
(right) data sets. There are several notable differences between
the epidemiology of these two babies and the disease pheno-
types. The baby on the left was born at 24 weeks gestational
age, whereas the baby on the right was born at 35 weeks ges-
tational age. At that age, AROP only occurs in the setting of
unregulated oxygen. The left image reflects the traditional zone
I appearance of “APROP” with plus disease out of proportion
to stage appearance, strongly suggesting the presence of retic-
ulated networks of flat neovascularization. The right image on
the other hand, while it appears to be relatively posterior, has
a vascular loop inferiorly that suggests the retina was originally
vascularized more anteriorly, and then experienced significant
vaso-occlusion of the retina leading to these large peripheral
shunt vessels and a more posterior appearance. Also note that
qualitative assessment of the vascular severity would rank the
left image higher than the right, suggesting that quantitative ap-
proaches might have the same bias resulting in lower measured
vascular severity in regions where oxygen exposure is higher.
The measured vascular severity score of the left image was 8.6,
compared with 6.9 on the right. AROP = aggressive retinopa-
thy of prematurity.

AECS clinicians diagnose disease as stage 2 that might have
been diagnosed as stage 1 in the i-ROP data set, this would
result in a lower VSS for the same actual disease level. This
could be assessed through a centralized reference standard
diagnosis process in future work. It may also be possible to
apply quantitative methods to the image-based diagnosis of
stage and directly compare clinical labels to quantitative as-
sessments of stage in the future.®>¢7

e A UNIFYING HYPOTHESIS: There is a plausible unifying
hypothesis that explains not only the underlying relation-
ship between VSS and zone and stage but also the relative
differences between the 2 populations. If the changes as-
sociated with the spectrum of plus disease, and therefore
the VSS, correlate with the intraocular VEGF concentra-
tion, then both key findings are explainable and suggest
that the VSS might be a surrogate biomarker for intraoc-
ular VEGF concentration. There are several lines of evi-
dence to suggest that this hypothesis is plausible. First, al-
though the ability to assay for VEGF in vivo in babies is
limited, there are data to suggest that systemic and aqueous
VEGEF are higher in babies with more severe ROP, includ-
ing AROP.®*"? Second, the clinical response to anti-VEGF
agents strongly suggests that a VEGF-mediated mechanism
at least partially explains plus disease, especially the im-
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proved outcomes in eyes with AROP. We have previously
revealed that the VSS decreases rapidly within days post-
treatment,”> and faster with anti-VEGF than with laser,”
and rises again with reactivation requiring retreatment,’’
all of which make sense if there is a high correlation be-
tween VSS and VEGF concentration. Thus, the relation-
ship between VSS and more posterior ROP, higher dis-
ease stage, and higher extent of stage 3, and the highest
in APROP/AROP might make sense if VEGF and VSS are
highly correlated. 7

The second part of the hypothesis relates to the under-
lying 2-phase model for ROP and the relative implications
of oxygen and VEGEF levels in each phase. Specifically, al-
though early oxygen exposure (in phase I) leads to more
vasoconstriction and capillary injury, the relative oxygen
supply and demand reverse in phase II, where ischemic
avascular retina leads to higher VEGF release. Increasing
oxygen exposure in phase II, in theory, may be therapeu-
tically beneficial by reducing VEGF secretion and caus-
ing neovascularization to recede. There are preclinical data
from the oxygen-induced retinopathy model suggesting this
is true.’*’® Furthermore, this was the hypothesis for the
STOP-ROP trial, which randomized eyes with threshold
ROP to higher or lower oxygen concentrations. Although
the study failed to meet its primary end point, it did sug-
gest an ocular benefit in the subgroup of pre-threshold eyes
(more similar to what would become known as type 1 after
ETROP), which has led to ongoing speculation and indi-
vidualized treatment regimens at some institutions.’’”’

The heterogeneity in oxygen exposure in the AECS pop-
ulation thus creates a natural experiment where, on aver-
age, the AECS population has higher oxygen exposure in
both phase I and phase II ROP. Higher exposure in phase I
leads to a higher population at risk, higher incidence and
severity of ROP for a given GA, and the overall differ-
ences in epidemiology described previously (and illustrated
in Table 2 and Figures 4 and 5). Higher exposure in phase II,
however, might lead to lower VEGE, on average, in staged
ROP and lower VSS for a given zone/stage combination.
Testing this hypothesis directly will be challenging; how-
ever, there are several testable predictions that would sup-
port it. (1) Analysis of populations demographically similar
to the United States will have VSS distributions similar to
the i-ROP cohort, and vice versa. (2) Image-based analysis
of a modern “STOP-ROP like” intervention of selected in-
tentional hyperoxia in phase Il would reveal reduced VSS
in type 2 ROP in the intervention group compared with
the control. (3) Over time, these differences will dimin-
ish as neonatal practice differences between high and low-
middle-income countries become more similar.

We went back to older AECS data to test this third hy-
pothesis. Previous work had demonstrated that the propor-
tion of eyes in the region around AECS, Coimbatore, de-
veloping severe ROP had decreased in the time frame be-
tween 2 cohorts (2015-2017 and 2020-2021), strongly sug-

gesting improvements in neonatal care in that short time
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FIGURE 6. VSS for 3 populations of eyes with AROP. In this
post hoc analysis, we compared the VSS for all eyes diagnosed
with “APROP” or “AROP” adding 1 additional population, and
older data set of images from the AECS. Left: AECS 2015-
2017. Middle: AECS 2019-2020. Right: i-ROP 2012-2020.
This was done to test the hypothesis that the differences be-
tween populations might decrease over time with improvements
in neonatal care, such as what has been occurring in the AECS
population in the last decade. All pairwise comparisons were
significantly different, P < .001, confirming this hypothesis,
and supporting the hypothesis that the VSS likely correlates
with VEGF activity in the eye, which is lower in the setting
of higher oxygen exposure in phase II. AECS = Aravind Eye
Care System; AROP = aggressive retinopathy of prematurity;
VSS = vascular severity score.

period. This provided a natural opportunity to test the hy-
pothesis that these differences in VSS would diminish over
time. Figure 6 demonstrates the distribution of VSS for
eyes diagnosed with APROP/AROP in the original “old”
AECS cohort vs the more recent AECS cohort vs the i-
ROP cohort. As predicted, the VSS distribution for eyes
with APROP/AROP was significantly lower in the earlier
time frame, which had less well-regulated oxygen exposure,
and thus the more recent AECS cohort is more similar to
the i-ROP cohort than it had been 5 years earlier (P < .001
for all comparisons). These data are supportive of the hy-
pothesis that the lower VSS is due at least in part to higher
oxygen exposure in phase II ROP, presumably mediated by
oxygen-induced suppression of intraocular VEGF levels.

o LIMITATIONS: There are several limitations to this anal-
ysis. First, the VSS algorithm was developed on the i-ROP
data set, based on the plus disease labels, so the association
between VSS and plus disease is definitional, rather than
a new association. However, the associations with zone,
stage, extent, and all the findings in the AECS are novel.
Second, as described, the difference in camera type in the
India data set may affect the results in ways that are diffi-
cult to determine, as we did not have accurate labels in the
data set for the camera used for each examination. Third,
the lack of a reference standard diagnosis in the AECS
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data set (which has single clinician labels only) might ob-
fuscate true diagnostic similarities or differences, given the
wide interobserver variability described previously. Fourth,
although in this paper we generalize to differences between
aUS population and an Indian population, it is not accurate
to generalize to the entire country, where the epidemiology
and demographic risk remain highly heterogeneous. If any-
thing, the AECS population might be more similar to the
US population than other regions of India, given the docu-
mented recent improvements in ROP incidence in that re-
gion, specifically.’* Finally, whereas the AECS data set was
a true population-level data set of all babies within those
given neonatal centers during that period of time, the i-
ROP data set was part of a larger research study involving
genetics, imaging, and informatics analysis and thus did not
include all babies within the population.

CONCLUSION

In this paper, we have reviewed the epidemiology of ROP
geographically and over time and the impact that digital
imaging has on our understanding of ROP diagnosis, includ-
ing its influence on the evolution of ICROP over time. It
also highlights several ways in which ROP epidemiology,
classification, imaging, and Al might interact in the future.

ROP epidemiology. As neonatal care continues to im-
prove worldwide, our shared goal is to reduce geo-
graphic disparities in ROP risk and blindness through
improved primary prevention, consistent ROP screen-
ing, and timely treatment. This paper adds to the ev-
idence base that not only are we seeing this improve-
ment occur in the last decade, but we can also mea-
sure and quantify the differences using technologies
like the Al-derived VSS used here. But this is only half
of the story—it is very likely that the implementation
of the AECS ROP telemedicine program itself, which
enabled a 30,000-foot view of the heterogeneity of out-
comes between NCUs in the same region,’*”” and 1:1
communication and education as a result, directly in-
fluenced the improvements in neonatal care in that
region.”*”> Moreover, from a global ophthalmology
perspective, given the significantly larger population
at risk and fewer ophthalmologists, imaging-enabled
ROP telemedicine will be key to reducing the num-
ber of babies who become blind from ROP, as there
are simply not enough ophthalmologists for in-person
ROP screening to work effectively.®>%!

ROP pathophysiology. Advances in ophthalmic imaging
have yielded pathophysiologic insights into nearly ev-
ery (adult) retinal disease; ROP will be no exception.
As future technologies, such as Al, ultra-widefield
cameras, and OCT, become more widely used in re-
search and clinical settings, we will learn more about
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ROP physiology. For example, this paper argues that
higher exposure to oxygen in phase II ROP leads to
lower vascular severity (less plus disease), suggestive
of a lower VEGF concentration. This finding does
not necessarily mean that, as STOP-ROP hypothe-
sized, ROP structural and functional outcomes will be
better—an issue that should continue to be investi-
gated through controlled clinical trials. It does suggest,
however, that we ought to incorporate imaging and
quantitative image analysis in such studies and contin-
ues to raise important questions about the fundamental
balance of oxygen, ROP, and mortality in prematurity.

ROP classification. The members of the 2021 ICROP
3 committee were committed to formalizing a clas-
sification system that could be applied anywhere in
the world with an ophthalmologist and an indirect
ophthalmoscope. This goal remains admirable, espe-
cially given how prevalent ROP is and will continue
to be worldwide. However, there are very few diseases
in ophthalmology, or medicine in general, where our
classification schema continues to depend on physical
examination alone. Generally, disease diagnosis and
classification are slowly moving from subjective and
qualitative to objective and quantitative, and ROP
will likely follow the same course, with advances in
Al OCT, and multimodal integrated informatics risk
modeling identifying unique “phenotypes” of disease
with specific prognostic implications. Future ICROP
committees will need to evaluate the evidence for the
added value of imaging and other multimodal data
with respect to disease classification; however, the in-
creased use of ophthalmic imaging for ROP screening,
diagnosis, and research will certainly continue to lead
to an evolution in ICROP, as it has already.

In summary, we specifically compared the relationship
between the VSS and the overall severity of ROP in an eye
within and between populations. We found that a higher
VSS was associated with more posterior ROP, a higher stage
of ROP, and a higher extent of stage 3, and that the VSS
was lower in the AECS population compared with iROP.
Integrating all the findings together, we presented a uni-

fying hypothesis, based on several levels of evidence, that
the VSS may correlate with intraocular VEGF concentra-
tion and thus represents an imaging biomarker of the sever-
ity and risk of ROP progression. Finally, we presented sev-
eral testable hypotheses for future evaluation of this thesis
and were able to confirm one of them by looking back at
prior AECS data, which demonstrated that as neonatal care
improves, the populations are becoming more similar over
time. It is an important reminder that although we all en-
deavor to optimize the ophthalmological care of patients at
risk for ROP-related blindness, as we learned from the first
epidemic of ROP, the most impactful thing we can do is
work with our neonatology colleagues to reduce geographic
disparities in the incidence of severe ROP in all preterm

babies.
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