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e PURPOSE: To assess the rate of retinal vasculariza-
tion derived from ultra-widefield (UWF) imaging-based
retinopathy of prematurity (ROP) screening as predictor
of type 1 ROP and characterize the effect of anti—vascular
endothelial growth factor (anti-VEGF) therapy on vascu-
larization rate.

* DESIGN: Retrospective, consecutive cohort study.

e SUBJECTS: The study included 132 eyes of 76 prema-
ture infants with a mean gestational age (GA) of 26.0
(£2.0 SD) weeks and birthweight (BW) of 815 (+264)
g, who underwent longitudinal UWF imaging for ROP
screening, at a level 3 neonatal unit in Oxford, United
Kingdom.

e METHODS: The extent of retinal vascularization on
each UWF image was measured as the ratio between
“disc-to-temporal vascular front” and “disc-to-fovea” dis-
tance along a straight line bisecting the vascular arcades.
Measurements from >3 time points plotted against post-
menstrual age (PMA) enabled calculation of temporal
vascularization rate (TVR) for each eye. Using TVR,
GA, and BW as predictors, a machine learning model was
created to classify eyes as either group AB (no ROP and
type 2 ROP) or group C (type 1 ROP). The model was
validated in a withheld cohort of 32 eyes (19 infants),
of which 8 eyes (5 infants) required treatment. TVR in
37 eyes (20 infants) was compared before and after ultra-
low-dose (0.16 mg) intravitreal bevacizumab treatment.

Supplemental Material available at AJO.com.

Emer Chang and Amandeep Josan contributed equally as co-first authors.
Accepted for publication February 10, 2025.

From the Oxford Eye Hospital, Oxford University Hospitals NHS Foun-
dation Trust (E.C,, A.J.,,R.P, S.A.A., CK.P, K.X.), Oxford, UK; Nuffield
Laboratory of Ophthalmology, Nuffield Department of Clinical Neuro-
sciences, University of Oxford (A.]., K.X.), Oxford, UK; Department of
Paediatrics, University of Oxford (C.H.), Oxford, UK; Ophthalmology
Department, Great Ormond Street Hospital for Children NHS Founda-
tion Trust (K.X.), London, UK

Inquiries to Kanmin Xue, Level 6 West Wing, Nuffield Depart-
ment of Clinical Neurosciences, University of Oxford, John Radcliffe
Hospital, Headley Way, Oxford OX3 9DU, United Kingdom.; e-mail:
kanmin.xue@eye.ox.ac.uk

# EC and A]J contributed equally as co-first authors.

74 © 2025 PUBLISHED BY ELSEVIER INC.

* MAIN OUTCOME MEASURES: The rate of retinal vascu-
larization was determined.

e RESULTS: Slower retinal vascularization correlated
with increasing ROP severity, with TVR being 29%
slower in group C eyes (n=50) than group AB eyes
(n=33 no ROP and n=49 type 2 ROP) (P = .04). Our
model correctly predicted ROP outcomes of 30/32 eyes,
achieving a balanced accuracy of 95.8%. No significant
change in TVR was found before and after bevacizumab
treatment with mean posttreatment imaging follow-up of
7.7 (£7.9) weeks (P = .60 right eyes, P = .71 left eyes).
e CONCLUSIONS: UWF imaging-based ROP screening
enables quantification of retinal vascularization rate,
which can provide early prediction of type 1 ROP inde-
pendent of BW and GA. Rate of physiological retinal vas-
cularization does not appear to be significantly affected
by ultra-low-dose anti-VEGF treatment, which has sig-
nificant implications for the development of peripheral
avascular retina and timing of anti-VEGF intervention to
prevent disease progression in high-risk infants. (Am
J Ophthalmol 2025;275: 74-87. © 2025 Published by

Elsevier Inc.)

cause of childhood blindness worldwide." It is char-
acterized by aberrant retinal vascular development
that progresses through 2 main phases: (1) delayed reti-
nal vascularization in phase 1 results in peripheral avas-
cular retina (PAR), which stimulates release of angiogenic
factors, followed by (2) a vasoproliferative phase 2 associ-
ated with extraretinal neovascularization and subsequent
tractional retinal detachment.”* ROP causes visual impair-
ment in more than 30 000 preterm babies globally,” with
rising incidence over the past decades owing to improved
survival of extreme preterm infants (eg, those born as early
as 22 weeks).0
Timely detection of ROP enables treatment by anti—
vascular endothelial growth factor (anti-VEGF) therapy or
laser photocoagulation to prevent sight loss.” Low gesta-
tional age (GA <31 weeks) and birthweight (BW <1500
g) are major risk factors for developing ROP, thus con-
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stitute the inclusion criteria for ROP screening.” Other
risk factors include oxygen supplementation, slow postna-
tal weight gain, sepsis, and respiratory distress.®’ Although
many of these factors are interlinked, their individual pre-
dictive power for ROP occurrence remains poorly defined.

The current ROP grading system (based primarily on
zones I-III, stages 0-5, and normal to plus disease spec-
trum) '’ is applied during ROP screening examinations us-
ing either binocular indirect ophthalmoscopy (BIO) or dig-
ital retinal imaging. BIO is a technically demanding skill in
premature infants and is mainly focused on detecting fea-
tures of vasoproliferation, such as stage 3 (elevated neovas-
cular ridge) and plus disease (vessel dilation and tortuosity),
which pertains to the ROP treatment threshold. However,
indirect ophthalmoscopy is less suited to assessing delayed
retinal vascularization, which can only be gleaned approx-
imately from 33 to 34 weeks postmenstrual age (PMA) at
which stage vessels reach the edge of zone I or zone II.!"!

Wide-field retinal imaging could enable accurate assess-
ment and longitudinal monitoring of the rate of retinal vas-
cularization from birth. Contact retinal imaging such as the
130° RetCam 3 Wide-field Digital Imaging System (Na-
tus Medical Inc., USA) provides limited ability to visual-
ize the posterior pole and far peripheral retina in a single
imaging field.'>"” Noncontact 200° ultra-widefield (UWF)
retinal imaging (eg, Optomap; Optos plc., UK) could po-
tentially overcome this limitation to enable consistent and
accurate quantification of the rate of retinal vascularization
over time. We have previously demonstrated the utility of
UWEF imaging for ROP assessment with the infants being
held to the camera using the “flying baby” technique.'® We
have more recently transitioned from BIO examination to
UWF imaging as the default method of ROP screening at
our level 3 neonatal unit using an Optos California imaging
system mounted on a mobile trolley with onboard battery.

In this study, we aimed to devise a practical method for
measuring the rate of retinal vascularization in a retrospec-
tive analysis of serial UWF images obtained from routine
ROP screening. Using retinal vascularization rate, GA, and
BW as predictors, we aimed to create a machine learning—
based gradient-boosting model for predicting ROP requir-
ing treatment (type 1 ROP), which demonstrates high ac-
curacy in a separate validation data set.

The presence of PAR has been reported in a high pro-
portion (91%-100%) of infants who have received intrav-
itreal anti-VEGF therapy for ROP.!'"'® However, the causal
relationship between anti-VEGF treatment and PAR re-
mains unclear because PAR may be associated with ROP
itself. Nonetheless, in clinical practice, concerns about po-
tential vascular arrest following anti-VEGF treatment may
lead clinicians to hold off anti-VEGF intervention in bor-
derline treatment-requiring cases with posterior disease, for
example, posterior zone II stage 2 with plus disease (UK
ROP guideline!”). As part of this study, we aimed to quan-
tify and compare the rate of retinal vascularization before
and after intravitreal anti-VEGF treatment for type 1 ROP.
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METHODS

e DATA COLLECTION AND STUDY ELIGIBILITY CRITERIA:
This study was conducted as an internal retrospective clin-
ical audit approved by the Oxford University Hospitals In-
tegrated Governance System (Oxford University Hospitals
clinical audit approval no. 9080). Because of the retrospec-
tive and anonymous nature of this audit, informed consent
was waived by the ethics committee.

The ROP database at the Oxford University Hospitals
NHS Foundation Trust (a level 3 neonatal care unit, John
Radcliffe Hospital, Oxford, UK) was searched retrospec-
tively from May 2019 to February 2024 to identify all in-
fants that underwent ROP screening in accordance with
UK guidelines'” with known outcomes and who had at least
three 200° UWF retinal images (Optos California) cap-
tured at least 1 week apart. The ROP outcomes were clas-
sified into 3 clinical categories:

e Group A (no ROP): eyes that were recorded as having
full or zone 3 retinal vascularization without developing
any ROP and discharged from ROP screening;

o Group B (ROP not requiring treatment): eyes that had
complete regression of ROP without reaching treatment
threshold (ie, type 2 ROP);

e Group C (ROP requiring treatment): eyes with type
1 ROP that required treatment for ROP (either anti-
VEGEF therapy or laser).

Infants without definitive ROP outcomes (eg, infants
that were transferred to other units or passed away) and
those with other significant ocular comorbidity were ex-
cluded from the analysis. Eyes that did not have serial UWF
imaging of sufficient quality to measure the extent of tem-
poral retinal vascularization were also excluded.

The data set was used for the following 2 major analyses:

Analysis 1: Retinal vascularization rates as a predictor of
type 1 ROP. To develop our machine learning model
for predicting type 1 ROP, we excluded retinal images
obtained after any ROP treatment or after 40 weeks’
PMA to avoid bias, as fewer scans beyond 40 weeks’
PMA would be associated with infants who do not de-
velop any ROP.?’ Infants that started ROP screening
from May 2019 up to the end of March 2023 were used
to train the ROP prediction model. Infants not in-
cluded in model training, who started screening from
April 2023 to February 2024, were used as an indepen-
dent test set to validate the predictive model.

Analysis 2: Effects of anti-VEGF therapy on retinal vas-
cularization. To determine the effect of anti-VEGF
treatment on the rate of retinal vascularization, we in-
cluded all eyes with type 1 ROP with at least 2 UWF
images captured before and 2 images after intravitreal
injection of bevacizumab (0.16 mg in 0.025 mL). This
ultra-low-dose bevacizumab is the clinical standard at
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Oxford University Hospitals NHS Foundation Trust.”!
For this analysis, UWF images captured after 40 weeks’
PMA were included to assess the long-term effects of
anti-VEGEF therapy on retinal vascularization.

Alongside the UWF retinal images, the following infor-
mation were also collected for each infant: gestational age
in weeks at birth (GA), birthweight (BW), ROP outcome
based on International Classification of ROP'© PMA at
each ROP screening time point, and PMA at the time of
anti-VEGF injection (if applicable). PMA was defined as

gestational age plus postnatal age.

* UWF RETINAL IMAGE ANALYSIS: All UWF retinal im-
ages used for analysis were captured using the same camera
(Optos California). For each UWF retinal image, the ad-
vancement of temporal vascular front was measured as the
ratio between the distance from the optic disc center to the
temporal vascular front and that from the optic disc cen-
ter to the fovea along a straight line that bisects the supe-
rior and inferior venous arcades. Identifying the fovea in
preterm infants can be challenging because it is not as well
defined owing to delayed or altered development in prema-
turity and ROP.»%}

For the purpose of consistent measurements across lon-
gitudinal UWF images, we defined the fovea as the point
that bisects the widest distance between the superior and
inferior venous arcades.”* Retinal veins were chosen instead
of arteries, as the arteries tend to become more tortuous in
pre-plus or plus disease.”” The red-free filter was used to pro-
vide improved contrast between vessels and the surround-
ing tissue to aid identification of vascular front and venous
arcades.

To validate this approach, we performed fovea localiza-
tion using the same method on confocal scanning laser
ophthalmoscopy (¢SLO) images accompanying Heidelberg
Flex optical coherence tomography (OCT [Spectralis; Hei-
delberg Engineering, Germany]) in 13 eyes of 10 premature
infants (Figure 1). Our protocol for Flex OCT was as pre-
viously described, with 768 A-scans and 73 B-scans over
55 x 30°.7° The location of “presumed” fovea on the cSLO
image was compared with the “actual” anatomical fovea
as identified on the corresponding OCT. This showed a
mean discrepancy of only 0.4 mm (SD = 0.36) between the
presumed and actual fovea locations (Supplementary Table
S1), thus validating our method for consistently identifying
the fovea on UWF images.

The disc-to-fovea distance (D-F) was chosen as the refer-
ence unit of distance measurement so that subsequent disc-
to-temporal vascular front distance measurements could be
expressed as a ratio to D-E This is consistent with the
methodology used in previous studies.’”*® In addition, De
Silva and colleagues’’ demonstrated that longitudinal D-F
measurements did not change significantly over 9 weeks in
preterm and full-term infants. This normalization helps to
eliminate the effects of small changes in image magnifica-
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tion or angle and axial length growth on calliper measure-
ments taken from images of the same eye at different time
points (Supplementary Figure S1, A). Using this method,
temporal vascularization was observed to progress in a linear
fashion in the untreated eyes of premature infants (Supple-
mentary Figure S1, B).

It should be noted that although all eyes grow in size
between 32 and 52 weeks’ gestation (approximately 0.15
mm/wk, as described by Cook and colleagues™), the dif-
ference in the rate of axial length increase between nor-
mal and stage 1-3 ROP eyes is minimal and, importantly,
all eyes follow linear growth trajectories over the period in
question. The other practical benefit of using D-F distance
as the reference unit is to allow inference of vascularization
to the edge of zone I, because the diameter of zone I is de-
fined as twice the distance from the fovea to the disc center
(ie, 2 x D-F) (Supplementary Figure S1, B). The location of
the temporal vascular front was measured until the posterior
end of the vessel. However, if a vascular ridge was present,
the location of the vascular front was defined as the center
(or peak) of the ridge.

All distance measurements were made using the calliper
tool within OptosAdvance (Optos plc.) with in-built pe-
ripheral retinal curvature correction that assumes the axial
length to be 24 mm.’'>> Therefore, we validated the use
of the calliper tool in premature infants (who have axial
lengths generally less than 24 mm) by looking at the disc-
to-temporal vascular front distance / disc-to-fovea distance
(DT/DF) ratios in untreated eyes where the vessels grew
more peripheral and found no deviation in TVR that would
have been expected if distance measurements became more
distorted toward the periphery (Supplementary Figure S1,
B).

These measurements were reviewed twice by investiga-
tor E.C. and reviewed by a second independent investi-
gator (R.P.) to assess interrater correlation and achieve a
consensus. Measurements of the disc-to-temporal vascular
front were regressed against PMA (in weeks) at the time
of imaging and the gradient of the line of best fit taken as
the temporal vascularization rate (TVR) for an individual
eye.

o STATISTICAL ANALYSIS: Statistical analysis was con-
ducted using the programming software R (v4.2.1). Lin-
ear mixed effect modeling was used to account for repeated
measures using the Ime4 package.** Model performance and
diagnostics were carried out using the performance pack-
age,”” and effect size analysis for the linear mixed effects
model was performed using the simr package.”®

Temporal vascularization rate (TVR) for each eye was
calculated using a linear regression slope analysis of the ad-
vancement of temporal vascular front vs PMA at imaging.
As part of our preliminary work, the disc-to-nasal vascu-
lar front was also measured in a similar manner to disc-to-
temporal vascular front in eyes that had UWF images that
captured nasal peripheral retina on more than 1 occasion
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FIGURE 1. Validation of method for fovea localization in premature infants using Flex OCT. “Presumed” fovea (red cross) was
defined on the Spectralis scanning laser ophthalmoscopy (SLO) images as the point that bisects the widest distance between the
superior and inferior venous arcades (intersection between the yellow and blue lines). “Actual” (anatomical) fovea (white dot) was
identified on the corresponding Spectralis Flex OCT and transferred to the SLO images using Heidelberg Eye Explorer (HEYEX)
marker tool. A mean discrepancy of 0.40 mm (SD = 0.36) was achieved across 13 eyes of 10 premature infants imaged. Three
representative examples are shown: A. Right eye of an infant born at 26 weeks with a discrepancy of 0.30 mm between presumed
and actual fovea locations; B. Right eye of an infant born at 25 weeks with O-mm discrepancy; C. Left eye of an infant born at 24

weeks with 0.53-mm discrepancy. OCT = optical coherence tomography.

(using D-F distance as the common unit). The advance-
ment of nasal vascular front was found to correlate strongly
with temporal vascular front with a correlation coefficient
of 0.91 (Supplementary Figure S2). However, there were
insufficient longitudinal data to calculate the nasal vascu-
larization rate (NVR) for most eyes because of the techni-
cal challenge of consistently imaging the peripheral nasal
retina. Therefore, all subsequent analyses used TVR as a sur-
rogate measure of the overall rate of retinal vascularization
for each eye.

VoL. 275

To compare vascular growth rates between eyes that did
not require treatment and those that did require treatment,
group A and B eyes were combined to represent all those
with no ROP or type 2 ROP (not requiring treatment).
Group C included infants with type 1 ROP for which treat-
ment is recommended per ICROP3 guidelines.'’ To detect
differences in the rate of temporal retinal vascularization as
a surrogate marker of overall vascularization rates (slopes)
between these 2 groups, a linear mixed effect model with
random slopes and random intercepts was fitted using both
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eyes and patient ID as the nesting variables to account for
similarities between right and left eyes in each patient and
the repeated measures nature of the longitudinal data.

The fixed effect independent predictor variables inves-
tigated were the PMA, GA, BW, and ROP groups. The R
package glmulti was used to compare all possible combina-
tions of predictors along with their interactions.”’ Model
comparisons were performed and evaluated using Akaike
information criterion and Bayes information criterion to ar-
rive at the best model to describe the independent variable
of temporal vessel extent. The linear mixed effects analysis
omnibus test was followed by a Tukey post hoc comparison
of slopes.

Model assumptions were verified using visual normal dis-
tribution checks, g-q plot analysis, symmetry of histograms,
and assessment of heteroscedasticity (Supplementary Fig-
ure S3). Where model assumptions were violated, such as in
the comparison of TVR pre and post anti-VEGF treatment,
robust linear mixed modeling was used. Robust models miti-
gate the effects of the outliers by applying a trimmed weight-
ing to extreme outlier patients. An alternative Bayesian
framework was also investigated; however the robust model
fit was found to be superior, likely as a result of the presence
of extreme outliers and the setting of vague priors because
of a lack of existing knowledge in this novel domain.

Monte Carlo simulation adjusting effect sizes was imple-
mented to determine the minimum effect size that could
be reasonably detected at an alpha level of 0.05 and 90%
power when compared to a null model.

e DEVELOPMENT OF ROP CLASSIFICATION PREDICTION
MODEL: Gradient boosting is an ensemble machine learn-
ing technique that generates a large number of decision
trees sequentially, each learning from the last, to accurately
classify according to the observed predictors. We developed
a model using gradient-boosting machine learning with the
predictors, BW, GA, and TVR (slope coefficient of the tem-
poral vascularization extent vs PMA), to predict whether
an infant belongs to one of 2 groups: group AB (no treat-
ment) or group C (ROP requiring treatment). We com-
pared 3 models for prediction: one with TVR alone, one
with BW and GA, and one model with all 3 predictors.

We chose to use a gradient boosting rather than ran-
dom forest model because of the presence of nested data:
the right and left eyes of each patient were included in the
classification model. We used the package GPBoost, which
combines linear mixed effects modeling and tree boosting
to train the fixed effects and assign patient ID as the random
effect to account for nested eyes.’®*? GPBoost uses cross
validation to tune the hyperparameters on the training data
set.

Precision-recall curve (PRC) with area under the PRC
(AUPRC) were calculated in addition to the receiver op-
erating characteristic (ROC) curves and AUROC to assess
each model from the training set. Both ROC and PR curves
use sensitivity but the second axis differs: ROC uses a false
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positive rate (1 — specificity) whereas PRC uses precision
defined as how many true positives out of all that have been
predicted as positives. Although AUROC is more familiar
to most, the AUPRC is a more suitable measure where there
is class imbalance, particularly where there are far more neg-
ative cases than positive.*>*! The moderate imbalance be-
tween the nontreatment group (n=48) and the ROP re-
quiring treatment group (n=28) in our data set justifies the
use of AUPRC over AUROC.

Bernoulli probit likelihood distribution was used for this
binary classification training model, and the optimizer em-
ployed was Nesterov-accelerated gradient descent. The
gradient-boosting predictive model was then tested using
a fully independent validation set and assessed using bal-
anced accuracy.

To establish whether TVR provides predictive informa-
tion above that of BW and GA, we used a variable inflation
factor analysis from the ‘car’ package*” that assessed vari-
able importance and the presence of collinearity. This as-
sesses multicollinearity between the predictors (GA, BW,
and TVR) by performing pairwise comparisons of every
combination of predictors and analyzing each correlation
coefficient obtained as a result.

For full code or information see Github link: github.com/
amanasj/ROP-prediction-from-vascularisation-rates

RESULTS

* DEMOGRAPHICS OF PATIENT GROUPS: A total of 1204
infants underwent ROP screening during May 2019 to
February 2024. Of these, 95 infants were included in
the imaging analyses. Finally, 1109 infants were excluded
mainly because of gradual transition from BIO to imaging-
based ROP screening, transfer to other units, and insuffi-
cient number of UWF images.

Data from 76 infants (132 eyes) that started ROP screen-
ing from May 2019 to March 2023 were included in the
training data set, and so used to investigate the rate of reti-
nal vessel growth in infants with and without ROP requir-
ing treatment and develop a predictive model. Note that
the number of eyes to infants is not at 2:1 ratio due to ex-
clusion of eyes with insufficient quality of UWF images for
the delineation of temporal vascular front. Their mean GA
was 26.0 (SD £2.0) weeks and mean BW 815 (+264) g.
Of the 76 infants, 22 infants (33 eyes) who did not develop
any ROP were assigned to group A; 28 infants (49 eyes)
who had type 2 ROP were assigned to group B; and 28 in-
fants (50 eyes) with type 1 ROP requiring treatment were
assigned to group C. Representative UWF images for groups
A, B. and C are shown in Figure 2, A.

Patients in group A and group B were subsequently
merged into a combined group AB, which represents all in-
fants who did not require ROP treatment. Group AB con-
sisted of 82 eyes from 48 infants. There is a discrepancy of 2
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FIGURE 2. Correlation between temporal retinal vascularization rate (TVR) and ROP occurrence. A. Representative red-free
UWEF image series from consecutive ROP screening visits of eyes categorized as group A (no ROP at any time point), group B (type
2 ROP), and group C (type 1 ROP). For each image, measurements (mm) of the distance from disc center to fovea (x) and disc
center to temporal vascular front (y) are taken along a straight line that bisects the widest distance between the superior and inferior
venous arcades. This enables expression of the extent of advancement of temporal vascularization at each time point as a ratio (x/y).
B. Comparison of advancement in temporal vascular front relative to postmenstrual age (weeks) between groups A (green), group
B (blue), and group C (red). The slope represents the temporal vascularization rate (TVR), which serves as a surrogate marker for
the rate of retinal vascularization for each group. Error bars represent 95% CI calculated at the “within subject” level using the
linear mixed model. C. Comparison of advancement in temporal vascular front relative to postmenstrual age between the combined
group AB (no ROP treatment required, dark blue) and group C (ROP requiring treatment, red). Mean TVR (slope) of group AB
eyes is significantly greater than group C eyes (P = .04). ROP = retinopathy of prematurity.
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TABLE 1. Demographics for Infants in Training and Test Groups.

Characteristic Training Set Test Set
(n=76 Infants) (n = 19 Infants)
GA, wk, mean + SD 26.0 £ 2.0 26.4 £ 15
BW, g, mean + SD 815 + 264 803 + 240
Infants with type 1 ROP, n (%) 28 (37) 5 (26)

BW = birthweight, GA = gestational age, ROP = retinopathy of prematurity.

infants in the combined group, as these infants had one eye
in group A and the other eye in group B. No infant in group
AB received any anti-VEGF treatment or laser during the
study.

The predictive model was tested using a fully indepen-
dent test set containing data from 19 infants (32 eyes) that
underwent ROP screening from April 2023 to February
2024 with all inclusion criteria fulfilled. Their mean GA
was 26.4 (SD +1.5) weeks and mean BW 803 (£240) g.
Among these, 14 infants (24 eyes) did not require any treat-
ment for ROP (group AB) whereas 5 infants (8 eyes) re-
quired treatment for ROP (group C). The demographics of
training and test data sets are summarized in Table 1.

e ANALYSIS 1:

Slow rate of advancement of temporal retinal vascular front is
associated with ROP

Across the training cohort, we found a trend for the
TVR to decrease with increasing severity of ROP: the
mean (£SEM) TVR for group A eyes was 0.15 (£0.017)
disc-to-fovea distance per week (D-F/wk), group B (ROP
not requiring treatment) was 0.13 (£0.013) D-F/wk, and
group C (ROP requiring treatment) 0.10 (+0.013) D-F/wk
(Figure 2, B). Omnibus analysis of variance revealed sig-
nificant differences in TVR (P = .049); however, post hoc
testing with Tukey correction revealed no significant pair-
wise differences in TVR between group A and B (P = .60),
between group B and C (P = .26), or between group A and
C (P =.059).

Given the clinical importance of distinguishing
treatment-requiring vs non-treatment-requiring ROP
and the somewhat subjective distinction between no ROP
and stage 1 ROP, we merged group A and B eyes into a
combined group AB (ie, all eyes that did not require any
therapeutic intervention) and compared this group with
group C (Figure 2, C). In this case, the TVR of group C was
significantly slower (by 29%) than the TVR of group AB
(P = .04, TVR of group AB = 0.14+0.01 D-F/wk, group
C =0.1040.014 D-F/wk).

Vascularization rate as a predictor of type 1 ROP

Given the significant difference in TVR between infants
with and without ROP treatment, we hypothesized that
TVR, calculated from at least 2 successive ROP screening
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visits, could be used as an independent predictor of type 1
ROP, over and above decisions based on GA and BW alone.
A machine learning predictive model was developed using
the training data set, comparing 3 models incorporating (1)
TVR only, (2) BW+GA, or (3) TVR+BW+GA as predic-
tors (Figure 3, A). The models were then tested using a fully
independent test set as detailed above.

Although  the  combined  predictive  model
(TVR+BW+GA) showed the best performance with
an area under the precision recall curve (AUPRC) of 0.84
(Figure 3, A) (AUROC 0.90, Supplementary Figure S4),
the model with TVR alone still performed well with an
AUPRC 0.6 (AUROC 0.75). In the combined model, the
model attributed percentage importance to each predictor
for classifying type 1 ROP as 63% to BW, 32% to GA,
and 5% to TVR (Figure 3, B). Moreover, variable infla-
tion factor analysis confirmed that TVR independently
contributes to the predictive accuracy of the model with
minimal collinearity with BW (r = 0.16) or GA (r = 0.10).
This is in contrast to moderate or high collinearity between
BW and GA (r = 0.70). The VIF analysis also showed that
any multicollinearity between PMA contained in the TVR
calculation and GA was small to moderate.

In the independent test set, the combined model cor-
rectly predicted the outcomes of 30/32 eyes based on BW,
GA, and TVR (Figure 3, A, and Table 2). The balanced
accuracy on the test data was 95.8%. The incorrect pre-
dictions were both eyes of patient Test15, which were pre-
dicted as belonging to group C when the actual outcome
was group AB.

e ANALYSIS 2:

Effects of anti-VEGEF therapy on retinal vascularization rate
To quantify the effect of anti-VEGF therapy on retinal vas-
cularization rate, we compared the TVR before and after
treatment. Within our data set, there were 37 eyes (from
20 infants) that received intravitreal bevacizumab injection
(0.16 mg in 0.025 mL per eye) for ROP as well as having
at least 2 UWF imaging time points before and 2 after the
treatment (Figure 4, A). Their mean (£SD) GA at birth
was 24.2 (£0.9) weeks and BW 599 (+124) g. The mean
follow-up length after anti-VEGF injection was 7.7 (+7.9)
weeks, with a minimum follow-up of 2 days and a maximum
follow-up of 43 weeks.
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FIGURE 3. Temporal retinal vascularization rate predicts type 1 ROP. A. Comparison of the precision-recall curves for 3 dif-
ferent prediction models. Dark-blue solid line represents model with predictors as birthweight (BW), gestational age (GA), and
temporal vascularization rate (TVR) that was used for further prediction. B. Feature importance showing relative contributions of
each predictor for the classification between treatment vs no treatment groups. AUPRC = area under the precision-recall curve,

ROP = retinopathy of prematurity.

During the study period, only 1 eye of 1 infant (number 8
in Figure 4, A) within this group was retreated with a second
injection of intravitreal ranibizumab (0.2 mg) 1 week af-
ter primary bilateral bevacizumab treatment because of the
lack of regression seen. We suspect this may have been due
to drug reflux during the primary injection. After the study
period, 3 infants received bilateral laser for reactivation of
ROP (numbers 1, 10, and 16 in Figure 4, A) at 43.6 weeks’,
41.7 weeks’, and 70.9 weeks’ PMA, respectively.

Linear mixed model analysis showed no significant dif-
ference in TVR before and after anti-VEGF injection for
both the right eyes (P = .60) and the left eyes (P = .71).
Patients individually showed a mixture of changes (both
increases and decreases) in TVR posttreatment, but col-
lectively this was not statistically significant (Figure 4, B).
Post hoc effect size analysis using Monte Carlo simulation
demonstrated that there was sufficient sample size to detect
a 3.3% (95% CI: 2.8-3.5) change in TVR after treatment
(at alpha = 0.05 and power = 90%). Therefore, we con-
clude that anti-VEGF therapy does not significantly alter
the rate of temporal retinal vascularization.

DISCUSSION

[t is commonly observed during ROP screening that reti-
nal vascularization of zone Il is complete at 34 weeks’ PMA
in the low-risk infants, whereas vascularization has only
reached the posterior zone Il in the high-risk infants for
ROP at the same PMA.!" This delayed retinal vasculariza-
tion may be a common end result of various major ROP risk
factors. In this study, we hypothesized that direct quantifi-
cation of the rate of retinal vascularization through longi-
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tudinal UWF imaging could enable early prediction of type
1 ROP. Our results demonstrate that the slow rate of tem-
poral vascularization is correlated with ROP severity and
can be used, along with BW and GA, to predict eyes that
develop type 1 ROP with 96% accuracy. The results demon-
strate the benefit of using the retinal vascularization rate de-
rived from UWF imaging-based ROP screening, highlight-
ing its ability to provide novel quantitative insights into dis-
ease progression and treatment response early in the screen-
ing/monitoring process.

One of the considerations motivating us to use the disc-
to-fovea (D-F) distance as a reference unit is because it is
featured within the definition of zone I, such that 2 x D-F
would approximate the edge of zone | (as shown by dot-
ted lines in Figure 4, A). Consequently, the extent of reti-
nal vascularization expressed as a multiple of D-F would
be practically meaningful to a clinical assessor. Although
we routinely captured Optomap images with the eyes in
primary position and at a set distance from the camera,
some variability in distance measurements due to fluctu-
ations in imaging angle and centration are unavoidable.
However, by calculating and comparing the rate (rather
than absolute extent) of temporal vascularization (TVR)
using the gradient of regression lines across several time
points, we tried to minimize the effects of measurement er-
rors and variability at individual time points (Figure 2, B
and C).

Although UWF imaging of the temporal retinal vascu-
lature is most consistently captured with the “flying baby”
imaging technique, we also evaluated the advancement
of nasal vascular front where data were available as part
of an initial exploratory study and found this to strongly
correlate with advancement of temporal vascular front
(Supplemental Figure S1). On this basis, TVR was chosen
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82 AMERICAN JOURNAL OF OPHTHALMOLOGY MoNTH 2025



TABLE 2. Predicting Type 1 ROP in a Test Data Set Using a Gradient-Boosting Model.

ID Eye GA (weeks) BW (g) TVR Actual Model prediction
(D-F/wk) ROP group (TVR+GA+BW)

Test1 oS 26.86 1,080 0.059 AB AB
Test1 oD 26.86 1,080 0.162 AB AB
Test2 0Ss 26.86 1,025 0.150 AB AB
Test2 oD 26.86 1,025 0.114 AB AB
Test3 oD 2729 1,085 0.099 AB AB
Test4 oS 2743 680 0.148 AB AB
Test4 oD 2743 680 0.414 AB AB
Test5 oS 27.71 1,185 0.105 AB AB
Test5 oD 27.71 1,185 0.099 AB AB
Test6 oD 26.29 455 0.030 C C
Test7 oS 24.00 390 0.137 C C
Test7 oD 24.00 390 0.068 C C
Test8 oS 26.29 725 0.092 AB AB
Test8 oD 26.29 725 0.078 AB AB
Test9 oD 26.14 540 0.130 AB AB
Test10 oS 25.57 755 0.083 (¢} C
Test10 oD 25.57 755 0.054 C C
Test11 0Ss 26.14 980 0.070 AB AB
Test11 oD 26.14 980 0.080 AB AB
Test12 oS 28.29 1,090 0.281 AB AB
Test12 oD 28.29 1,090 0.685 AB AB
Test13 oD 29.29 1,035 0.152 AB AB
Test14 oD 23.71 540 0.046 C C
Test15 oS 24.71 650 0.102 AB C
Test15 oD 24.71 650 0.131 AB C
Test16 oS 28.29 880 0.004 AB AB
Test16 oD 28.29 880 0.058 AB AB
Test17 oS 25.71 875 0.210 AB AB
Test17 oD 25.71 875 0.139 AB AB
Test18 (OF] 2743 690 0.365 AB AB
Test19 oS 24.14 590 0.066 C C
Test19 oD 2414 590 0.129 C C

D-F= disc-to-fovea distance, BW = birthweight, GA = gestational age, ROP = retinopathy of prematurity, TVR = temporal vascularisation

rate.

Test15 highlights a case of discrepancy between model prediction and actual ROP categorisation.
Group AB: no ROP + type 2 ROP (non-treatment-requiring group). Group C: type 1 ROP (treatment-requiring ROP group).

as a clinically convenient surrogate marker for overall
retinal vascularization.

Our findings demonstrate a significantly (29%) slower
rate of retinal vascularization in eyes that develop type 1
ROP (group C) compared with eyes with no ROP or type 2
ROP (group AB). This is consistent with previous reports
evaluating the rate of retinal vascularization based on in-
direct ophthalmoscopy,'* timing of vascular front reaching
zone 11,'" and contact wide-field imaging using RetCam."’
The major advantage of using UWF imaging is that it allows
rapid, noncontact, and longitudinal monitoring of retinal
vascularization from birth to mid- or late infancy (up to the
age of 50 weeks in our cohort), consistently capturing the
temporal vascular front up to anterior zone II (without the
need to collage images).
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The risk factors contributing to delayed retinal vascular-
ization in premature infants, and therefore increased risk
of severe ROP, include oxygen supplementation or fluc-
tuation,”* mechanical ventilation or CPAP,">+40-4¢ and
poor postnatal weight gain.*’ It has been proposed to re-
sult from a drop in serum insulin-like growth factor (IGF-
1) level due to loss of maternal supply and poor endoge-
nous production during extreme prematurity. Because IGF-
1 has a permissive role in VEGF signaling, low serum
IGF-1 prevents retinal vessel growth in response to VEGF
produced by the ischemic avascular retina. As the in-
fant grows bigger, endogenous IGF-1 production eventu-
ally catches up, thus permitting a rebound in VEGEF sig-
naling that drives the proliferative phase of ROP.’® Based
on this model, postnatal weight gain has been proposed
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and shown as a biomarker for serum IGF-1 level and ROP
risk.*’

Our UWF imaging-based method provides the most di-
rect and consistent measurements of retinal vascularization
rate as of this writing, which could be calculated from the
earliest ROP screening visits (eg, <32 weeks’ PMA) in ex-
treme premature infants to facilitate early prediction and
intervention to reduce the risk of developing type 1 ROP.

Our gradient-boosting machine learning model, incor-
porating TVR along with BW and GA, was able to pre-
dict those eyes requiring ROP treatment with 96% bal-
anced accuracy, 100% sensitivity, 92% specificity, nega-
tive predictive value of 80%, and positive predictive value
of 100%, within a limited sample size validation test
data set. Although the prediction power of BW+GA and
BW+GA+TVR models appear similar from the AUROC
values 0.89 vs 0.90 (Supplementary Figure S4), the more
appropriate. AUPRC values that consider the moderate
class imbalance between the nontreatment group and the
ROP requiring treatment group in our sample were 0.77 vs
0.84, which demonstrates an improvement following the
addition of TVR (Figure 3, A). Furthermore, the predictive
power of BW+GA alone may be overestimated because of
the limited sample size and particular nature of this cohort.
A previous study obtained an AUROC for BW+GA of
0.808.°!

The addition of TVR to BW+GA for type 1 ROP pre-
diction is also clinically meaningful as it improved the
specificity of prediction from 87.5% with BW+GA alone
to 92%, thus reducing false positive predictions. For in-
stance, our combined TVR+BW+GA model correctly pre-
dicted infant Test 9 as not requiring treatment (group AB),
whereas the BW+GA model incorrectly predicted this in-
fant as ROP requiring treatment, likely because of the in-
fant’s BW (540 g) and GA (26.1 weeks) being below av-
erage for the validation set (803 g and 26.4 weeks, respec-
tively). Furthermore, infant Test10 is an example where, de-
spite both BW (755 g) and GA (25.6 weeks) being higher
than Testl5, the combined model overrode this informa-
tion and accurately assigned group C based on low TVR
(0.08 and 0.05) in both eyes.

The variable inflation factor analysis also shows that
TVR acts as an independent prediction factor over BW and
GA (Figure 3, B). Taken together, these findings suggest
that TVR could provide added clinical value in ambigu-
ous cases where it refines the typical correlation between
BW/GA and ROP. Future work to identify clinical factors
that modulate the rate of retinal vascularization would also
be beneficial for identifying novel therapeutic strategies to
prevent ROP.

Across a cohort of 37 eyes (of 20 infants) that received
intravitreal injection of bevacizumab (0.16 mg) for type
1 ROP between 32.5 and 39 weeks’ PMA, we found that
anti-VEGF treatment does not significantly alter the rate of
physiological retinal vascularization. Although there were
individual examples of decreased TVR post anti-VEGF
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treatment, the overall trend of the cohort was in fact a slight
but nonsignificant increase in TVR, which was seen in both
left eyes and right eyes (Figure 4, B).

Sauer and colleagues’ recently reported that beva-
cizumab (0.25 mg) may increase vessel extension into the
PAR within 2-4 weeks of treatment. The difference in the
findings from Sauer and colleagues’” and this study may be
due to a number of factors. These include difference in be-
vacizumab dose (0.25 mg vs 0.16 mg), difference in the du-
ration of posttreatment follow-up (2-4 weeks vs mean 7.7
weeks £ 7.9 SD in this study), which relates to the different
imaging modalities used (RetCam vs Optomap). Moreover,
we compared the rate of temporal vascularization (TVR)
posttreatment to pretreatment for each eye, whereas Sauer
and colleagues.’” compared the absolute extent of tempo-
ral vascularization in treated eyes against untreated eyes
from GA- and BW-matched controls. These differences in
methodology mean that findings from the 2 studies are not
directly comparable.

Our post hoc power analysis suggests that our data set
should enable us to detect a 3.3% change in TVR at 90%
power; thus, it is possible that a less than 3.3% change
would not have been detected. Nevertheless, both studies
indicate that low-dose or ultra-low-dose bevacizumab does
not slow or halt physiological retinal vascularization. Taken
together, these findings suggest that low-dose intravitre-
ally administered bevacizumab may be sufficient to inhibit
pathologic intravitreal neovascularization without signifi-
cantly interfering with physiological intraretinal vascular-
ization, possibly because of difference in drug concentration
across the retina or target VEGF receptors. Further studies
are needed to study the effects of higher doses or alternative
anti-VEGF agents on retinal vascularization.

Of note, the infants who did show reductions in TVR
appear to be ones with unusually high pretreatment vascu-
larization rates. Although there may be some lag in change
of vascularization rate after treatment, our follow-up period
(mean 7.7 weeks £ 7.9 SD) extended far beyond the half-
life of intravitreal bevacizumab (shown to be 5-7 days),”*»>*
including 2 infants observed for over 16 weeks without
signs of reduced vascularization rate. Furthermore, post-
treatment TVR also may be affected by the persistence of
ROP. Among the 20 bevacizumab-treated infants in anal-
ysis 2, there were 2 infants with incomplete regression of
ROP during the study period (infants no. 15 and 17 in
Figure 4, A). After the study period, 3 other infants devel-
oped ROP reactivation requiring laser treatment (nos. 1,
10, and 16 in Figure 4, A). Future work is needed to iden-
tify what may determine the rate of temporal vasculariza-
tion and whether the heterogeneity in this characteristic
may influence response to anti-VEGF treatment and rate of
reactivation.

These intriguing findings challenge the assumption that
anti-VEGF treatment slows physiological retinal vascular-
ization or causes vascular arrest, thus leading to the devel-
opment of PAR.!%°°:°¢ This perceived disadvantage of anti-
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VEGF may encourage treating clinicians to delay interven-
tion in eyes that are borderline for treatment (eg, posterior
zone I, stage 2 with plus disease or stage 3 with pre-plus
disease). Our findings provide novel insights on retinal vas-
cularization in premature infants with 3 main implications.

First, the results suggest that ultra-low-dose (0.16 mg)
intravitreal bevacizumab may selectively target pathologic
extraretinal neovascularization without significant interfer-
ence of physiological intraretinal vascularization. Second,
the development of PAR is likely a result of slower rate of
retinal vascularization from birth in some extreme prema-
ture infants (as evidenced by our finding of slower TVR in
eyes with more severe ROP), rather than a consequence of
anti-VEGF therapy.

PAR may have been previously underrecognized with
laser photocoagulation to avascular peripheral retina but
has become more apparent with increasing use of anti-
VEGEF as the primary treatment modality. This has signifi-
cant clinical implications for the etiology of PAR and the
timing of anti-VEGF treatment, suggesting the need to ex-
plore potential benefits of earlier intervention to suppress
pathologic neovascularization (eg, at stage 2 with popcorn
lesions or in cases of retinal edge hemorrhage), which could
prevent subsequent complications of more advanced ROP
(eg, fibrosis and vessel dragging that may complicate re-
gressed stage 3 disease).

One such approach could target VEGF receptor 2
(VEGFR2) signaling in retinal endothelial cells (ECs). Ex-
perimentally it has been shown that selective knockdown of

VEGFR?2 signaling in rodent retinal endothelial cells could
inhibit intravitreal neovascularization by preventing dis-
ordered division of retinal ECs during angiogenesis while
facilitating physiological retinal vascularization longitudi-
nally.’”? However, current intravitreal anti-VEGF agents
may not be sufficiently selective to only target VEGFRZ sig-
naling in retinal ECs.

This is a single-center retrospective cohort study. Eyes
with poor UWF image quality (that precluded accurate
measurement of vascular front) were excluded, which could
potentially introduce selection bias into the data set. As a
result, the gradient-boosting predictive model was trained
and tested on relatively small data sets. To further refine
the prediction model, it would benefit from larger training
data sets from multiple centers with prospective data collec-
tion. Our protocol for UWF imaging-based ROP screening
has been successfully adopted at several neighboring ROP
screening units, which would help future improvement and
validation of the model.

In summary, UWF imaging-based ROP screening en-
ables continuous monitoring of retinal vascularization rate,
which provides an early biomarker for treatment-requiring
ROP. The rate of retinal vascularization does not appear to
be affected by 0.16 mg intravitreal bevacizumab treatment,
which has significant implications for the etiology of PAR
and optimal timing of anti-VEGF treatment for ROP. Fu-
ture work will explore the effects of oxygenation and co-
morbidities on the rate of retinal vascularization at different

PMA:s.
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