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PURPOSE. Optical coherence tomography (OCT) is an emerging adjunct imaging modality
to evaluate retinopathy of prematurity (ROP). From an 11-year research database, we
identify early OCT biomarkers that predict treatment-requiring ROP (TR-ROP).

METHODS. For preterm infants with acceptable OCT images at 32 ± 1 weeks postmenstrual
age (PMA), we extracted the following measures: total retina, inner retinal layer (IRL),
and outer retinal layer (ORL) thicknesses at the fovea and the parafovea, inner nuclear
layer (INL) and choroidal thickness, parafovea/fovea (P/F) ratio, and presence of macular
edema. Using univariable and multivariable logistic regression models, we evaluated the
association between retinal and choroidal OCT measurements at 32 ± 1 weeks PMA and
development of TR-ROP.

RESULTS. Of 277 eyes (145 infants) with usable OCT images, 67 eyes had TR-ROP. Lower
P/F ratio (P < 0.0001), thicker foveal IRL (P = 0.0001), and thinner choroid (P = 0.03)
were associated with TR-ROP in univariable analysis, but lost significance of association
when adjusted for gestational age and race. Absence of macular edema was associated
with TR-ROP when adjusted for gestational age and race (P = 0.01). In 185 eyes with-
out macular edema, P/F ratio was associated with TR-ROP in both univariable analysis
(P < 0.0001) and multivariable analysis (P = 0.02) with adjustment for gestational age
and race.

CONCLUSIONS. Presence of macular edema at 32 ± 1 weeks PMA in infants with lower
gestational age may be protective against TR-ROP. In infants without macular edema,
P/F ratio may be an early OCT biomarker for development of TR-ROP. Incorporation of
early OCT biomarkers may be useful in prediction of TR-ROP.

Keywords: optical coherence tomography (OCT), biomarkers, retinopathy of prematurity
(ROP), macular edema, treatment-requiring ROP (TR-ROP)

Retinopathy of prematurity (ROP) is one of the lead-
ing causes of childhood blindness. ROP is caused

by delayed retinal vascular development which may be
followed by pathological neovascularization. Preterm infants
usually undergo a series of ophthalmology examinations for
ROP screening which are not only stressful but also require
trained physicians to perform the examination.1,2 Although
telemedicine platforms using wide-field retinal imaging by
accredited non-physicians have been established to cope
with the discrepancy between the increasing preterm infant
population and the disproportionate number of trained
specialists, the bright light from these cameras is still a
potential source of infant stress.3–5 Efforts have been made
to identify predictors for severe, treatment-requiring ROP
(TR-ROP) for risk stratification and decrease the frequency
of this examination.6–9

Over the past few years, portable, bedside optical coher-
ence tomography (OCT) has become an emerging adjunct

imaging modality to evaluate ROP. Our group has shown
that OCT imaging is less stressful than eye examinations
using indirect ophthalmoscopy in preterm infants under-
going ROP screening.10 Studies using commercial and/or
research portable OCT systems have increased our under-
standing of retinal development in preterm infants and been
beneficial to evaluate the utility of OCT as a viable screen-
ing method for ROP,11–17 or to assess the impact of advanced
ROP.18 OCT-based vascular severity score and vitreous find-
ings, as well as retinal and choroidal thicknesses at the fovea
and the vascular-avascular junction, have been shown to
associate with ROP severity.15,19–21 However, OCT findings
associated with ROP to date have been evaluated typically
in studies that pooled visits across the nursery period (e.g.
32–42 weeks PMA) or from visits at older ages in the nurs-
ery.20–28 What are lacking are early OCT findings that could
be used to predict ROP disease activity prior to development
of TR-ROP.
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In this study, we aim to identify early OCT biomarkers
predicting TR-ROP prior to ROP treatment. Because ROP
leads to delayed retinal vascular development, we anticipate
that identifying that delay in the macula early in the nurs-
ery will aid in prediction of TR-ROP. We and other groups
have found that vascularized retina is thicker than avascular
retina,29–31 and thus one premise is that a delay in macu-
lar vascularization will result in thinner parafoveal retinal
thickness.31,32 We therefore hypothesize that early OCT find-
ings, such as retinal and choroidal thicknesses or presence
of macular edema at 32 ± 1 weeks postmenstrual age (PMA),
can aid in the prediction of TR-ROP. These early OCT find-
ings may serve as biomarkers for TR-ROP, and incorporation
of these findings may improve enrollment and selection for
ROP treatment trials and eventually for clinical care.

METHODS

Preterm Infant Retinal OCT Database

We have built an infant retinal OCT database from the
prior studies conducted at our center between January
2009 and December 2020. For the current secondary anal-
ysis, we included data from four prior Duke Health institu-
tional review board (IRB)-approved prospective studies that
included inborn and outborn preterm infants: (1) spectral-
domain OCT imaging of infant eyes study (Hartwell Foun-
dation research grant; enrollment period January 15, 2009
to July 20, 2009); (2) OCT at the bedside study (a pilot
Duke Clinical and Translational Science Project Award;
enrollment period July 30, 2009 to March 25, 2016); (3)
association of inflammatory markers and cystoid macular
edema in very preterm infants study (Research to Prevent
Blindness grant; enrollment period July 1, 2015 to Decem-
ber 21, 2015); and (4) BabySTEPS1 (R01EY025009; enroll-
ment period August 12, 2016 to December 30, 2020).
This study adheres to the tenets of the Declaration of
Helsinki. Duke Health IRB determined the study satisfied
relevant privacy rules and the Food and Drug Adminis-
tration (FDA) regulations and was exempt from further
review.

Imaging Session Selection

Images from a single OCT imaging session between 31 and
33 weeks PMA (32 ± 1 weeks PMA) in preterm infant
eyes with documented eventual ROP treatment status were
selected for this analysis. The PMA at imaging was calculated
using the best estimate of gestational age extracted from
medical records of the infant. The selection criteria were as
follows:

1. We selected a single visit within the window of 32 ±
1 weeks PMA.

2. When multiple visits were available within this
window, we used the visit closest to 32 weeks PMA.

3. When only visits at 31 and 33 weeks PMA were avail-
able, we used either the visit with better OCT image
quality or chose the visit at random when the quality
was comparable.

4. We used data from both eyes. In the scenario where
data from one eye only was available at 32 weeks
PMA, but data from both eyes were available at other
visits, we used the visit at 32 weeks PMA.

OCT Image Analysis and Measures

The OCT data extracted were captured using three hand-
held OCT systems: Leica Envisu spectral-domain (SD) OCT
and two investigational swept source (SS) OCT systems -
ultracompact (UC) 2 (100 kHz) and UC3 (200 kHz). We have
shown comparable repeatability and reproducibility of axial
and lateral measurements between the SD OCT and the
investigational SS OCT systems.33 The best foveal volume
from the imaging session was selected by experienced infant
OCT grader and fovea was marked. Semi-automated segmen-
tation of retinal layers to extract thickness measurements in
the central foveal frame was performed using the propri-
etary infant-specific software DOCTRAP with manual correc-
tion by a trained OCT grader.20 Retinal thicknesses were
extracted using custom MATLAB codes at the foveal center
and the parafovea. The OCT measures tested in this anal-
ysis include total retinal thickness at the fovea and the
parafovea (average of point thicknesses on either side of
the fovea at 1000 μm), inner retinal layer (IRL) thickness
at the fovea and the parafovea (measured from the internal
limiting membrane (ILM) to the boundary between the inner
plexiform layer (IPL)) and the inner nuclear layer (INL)),
outer retinal layer (ORL) thickness at the fovea and the
parafovea (measured from the boundary between the INL
and outer plexiform layer (OPL) to the Bruch’s membrane),
parafovea/fovea ratio (P/F ratio, calculated by total reti-
nal thickness at the parafovea over the total retinal thick-
ness at the fovea), INL thickness (averaged over central
2000 μm), and choroidal thickness (averaged across the
central 2000 μm). Presence of macular edema was defined
as INL thickness above 71.25 μm based on our previous
report.34

Statistical Analysis

We performed all statistical analyses using SAS version 9.4
(SAS Institute Inc., Cary, NC, USA). We evaluated how each
of the retinal and choroidal OCT measures at 32 ± 1 weeks
PMA were associated with the development of TR-ROP using
univariable logistic regression models followed by multi-
variable logistic regression models adjusted by gestational
age and race (birth weight was not included due to its
high collinearity with gestational age). The unadjusted and
adjusted odds ratios (ORs) and its 95% confidence intervals
(95% CIs) for each OCTmeasure were calculated. The perfor-
mance of prediction of TR-ROP using OCT measures was
evaluated using area under receiver operating characteristic
(ROC) curve (AUC). We performed these analyses among all
eyes and among eyes without macular edema to eliminate
the possible confounding effect of macular edema. All these
analyses were performed using the eye as the unit of analy-
sis, and the inter-eye correlation was accounted for by using
generalized estimating equations (GEEs).

RESULTS

This study included 277 eyes from 145 infants (48%
females) with OCT images at 32 ± 1 weeks PMA, from the
2009 to 2021 database. Infant demographic information
is described in Table 1. The mean (standard deviation)
gestational age was 26.3 (2.1) weeks, and birth weight
was 873.6 (257.6) grams. Sixty-seven (67) out of the 277
eyes (from 36 (24.8%) of 145 infants) received treatment

Downloaded from intl.iovs.org on 04/28/2024



Early OCT Biomarkers for Treatment-Requiring ROP IOVS | April 2024 | Vol. 65 | No. 4 | Article 21 | 3

TABLE 1. Characteristics of Study Participants (N = 145 Infants)

Gestational age, wk
Mean (SD) 26.33 (2.08)

PMA at OCT imaging, wk
31 16 (11.0%)
32 77 (53.1%)
33 52 (35.9%)

Birth weight, g
Mean (SD) 873.61 (257.62)

Gender
F 69 (47.6%)
M 76 (52.4%)

Race
Asian 2 (1.4%)
Black 70 (48.3%)
White 65 (44.8%)
More than one 8 (5.5%)

Max stage, 290 eyes
0 75 (25.9%)
1 32 (11.0%)
2 111 (38.3%)
3 69 (23.8%)
4A 1 (0.3%)

Max plus, 290 eyes
None 195 (67.2%)
Pre-plus 36 (12.4%)
Plus 59 (20.3%)

Treatment for type 1 ROP, 290 eyes
No 220 (75.9%)
Yes 70 (24.1%)

Treatment for type 1 ROP
No treatment 109 (75.2%)
One eye only 2 (1.4%)
Both eyes 34 (23.4%)

(laser photocoagulation, bevacizumab injection, or both) for
type 1 ROP.

The descriptive analysis of retinal and choroidal OCT
thickness measurements is listed in Table 2. There was high
agreement between the left and right eye OCT thickness
measurements, as shown in Supplementary Figure S1. Macu-
lar edema based on INL thickness was present in 75 eyes (43
infants) of 272 eyes (144 infants), with 5 eyes excluded due
to incomplete measurements (Fig.). The correlations among
OCT thickness measurements were not strong except for
correlation between total retinal thickness and IRL thickness
at the parafovea (Pearson correlation coefficient ρ = 0.79),
P/F ratio and total retinal thickness at the fovea (ρ = -0.77),
and averaged INL thickness and total retinal thickness at
the fovea (ρ = 0.91; Supplementary Table S1). These strong
correlations were expected due to the overlapping nature of
these measurements.

Association of OCT Measures at 32 ± 1 Weeks
PMA and TR-ROP Among All Eyes

In the univariable analysis, increased IRL thickness at the
fovea (OR = 1.38, 95% CI = 1.17 to 1.62, P = 0.0001),
decreased choroidal thickness (OR = 0.94, 95% CI = 0.89
to 0.995, P = 0.03), and lower P/F ratio (OR = 0.82, 95%
CI = 0.75 to 0.89, P < 0.0001) were significantly asso-
ciated with TR-ROP (Table 3). As expected, lower birth
weight (OR = 0.96, 95% CI = 0.91 to 0.97, P < 0.0001) and
lower gestational age (OR = 0.39, 95% CI = 0.25 to 0.60,
P < 0.0001) were also significantly associated with TR-ROP
(Table 3). The significance of association of the OCT param-
eters did not remain when adjusted for gestational age and
race (see Table 3).

TABLE 2. Descriptive Analysis of Optical Coherence Tomography Thickness Measurements

OD OS OD + OS Non-TR (OD + OS) TR (OD + OS)

IRL thickness at fovea, μm
N 140 137 277 210 67
Mean (SD) 55.90 (22.43) 53.51 (22.60) 54.72 (22.51) 50.78 (20.47) 67.05 (24.24)

IRL thickness at parafovea, μm
N 133 130 263 200 63
Mean (SD) 112.75 (23.10) 111.81 (22.21) 112.28 (22.62) 114.02 (20.33) 106.76 (28.20)

ORL thickness at fovea, μm
N 140 132 272 206 66
Mean (SD) 50.90 (15.79) 49.75 (14.87) 50.34 (15.33) 49.59 (15.67) 52.70 (14.07)

ORL thickness at parafovea, μm
N 133 125 258 196 62
Mean (SD) 53.14 (11.40) 52.74 (10.99) 52.94 (11.19) 53.05 (10.59) 52.62 (12.98)

Thickness total retina-RPE at fovea, μm
N 140 137 277 210 67
Mean (SD) 180.79 (80.17) 178.87 (77.92) 179.84 (78.93) 176.20 (83.61) 191.26 (61.16)

Total retina thickness at parafovea, μm
N 132 130 262 199 63
Mean (SD) 228.35 (41.04) 227.17 (42.10) 227.77 (41.49) 230.56 (38.38) 218.95 (49.39)

Thickness INL averaged 2000 μm across fovea, μm
N 140 132 272 206 66
Mean (SD) 71.03 (40.97) 70.04 (36.94) 70.55 (39.00) 71.65 (39.92) 67.11 (36.01)

Thickness choroid averaged 2000 μm across fovea, μm
N 136 132 268 202 66
Mean (SD) 202.04 (72.28) 203.10 (77.69) 202.56 (74.85) 210.28 (75.38) 178.95 (68.49)

P/F ratio
N 132 130 262 199 63
Mean (SD) 1.42 (0.44) 1.41 (0.42) 1.41 (0.43) 1.49 (0.46) 1.18 (0.21)

IRL, inner retinal layer; INL, inner nuclear layer; ORL, outer retinal layer; P/F ratio, parafovea/fovea ratio; SD, standard deviation.
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FIGURE. Representative foveal optical coherence tomography scans
of infants at 32 ± 1 weeks postmenstrual age with their respective
parafoveal/foveal (P/F) ratio. Top panel: Foveal scan from an infant
without macular edema who did not develop treatment-requiring
retinopathy of prematurity (TR-ROP). Middle panel: Foveal scan
from an infant with macular edema who did not develop TR-ROP.
Bottom panel: Foveal scan from an infant without macular edema
who developed TR-ROP with a low P/F ratio. The asterisksmark the
location of the fovea. P/F ratio is calculated as the ratio between the
average parafoveal retinal thickness at 1000 μm nasal and temporal
to the fovea divided by the central foveal thickness. The correspond-
ing P/F ratio is shown in the top right corner of the image. Note that
the presence of macular edema confounds the P/F ratio (middle
panel).

Association of Macular Edema and TR-ROP
Among All Eyes

We assessed the association between the presence of macu-
lar edema at 32 ± 1 weeks PMA with development of TR-
ROP in 272 eyes. In univariable analysis, the absence of
macular edema was not significantly associated with TR-
ROP (OR = 0.69, 95% CI = 0.29 to 1.64, P = 0.40; see
Table 3). However, when adjusted for gestational age and
race, the absence of macular edema became significantly
associated with TR-ROP (OR = 0.21, 95% CI = 0.06 to
0.70, P = 0.01; see Table 3). This appeared to be due to
the increased prevalence of early macular edema in infants
with lower gestational age (Supplementary Table S2). The
multivariable model that included gestational age, race, and
macular edema had an AUC of 0.91 (95% CI = 0.88 to 0.94)
for predicting TR-ROP, which was not significantly higher
than that from the model with gestational age and race
(AUC = 0.89, 95% CI = 0.86 to 0.92).

Association of OCT Measures at 32 ± 1 Weeks
PMA and TR-ROP Among Eyes Without Macular
Edema

To eliminate the possible confounding effect of macular
edema on the association of OCT thickness and TR-ROP,

we analyzed a subset that excluded 75 eyes with macular
edema. In univariable analysis of the 197 eyes without macu-
lar edema, increased IRL thickness at the fovea (OR = 1.42,
95% CI = 1.16 to 1.75, P = 0.0007), increased ORL thickness
at the fovea (OR = 1.49, 95% CI = 1.07 to 2.06, P = 0.02),
increased total retinal thickness at the fovea (OR = 1.40,
95% CI = 1.22 to 1.60, P < 0.0001), decreased IRL thick-
ness at the parafovea (OR = 0.70, 95% CI = 0.56 to 0.88,
P = 0.003), decreased total retinal thickness at the parafovea
(OR = 0.85, 95% CI = 0.74 to 0.98, P = 0.03), decreased
choroidal thickness (OR = 0.93, 95% CI = 0.87 to 0.99,
P = 0.03), and lower P/F ratio (OR = 0.59, (% CI = 0.49
to 0.71, P < 0.0001) were significantly associated with TR-
ROP (Table 4). When adjusted for gestational age and race,
lower P/F ratio remained significantly associated with TR-
ROP (OR = 0.74, 95% CI = 0.59 to 0.93, P = 0.02; see
Table 4).

The multivariable model that included gestational age
and P/F ratio as predictors yielded AUC = 0.91 (95%
CI = 0.87 to 0.95), which was higher than the AUC from
gestational age alone (AUC = 0.89, 95% CI = 0.84 to 0.93,
P = 0.08), or birth weight alone (AUC = 0.83, 95% CI = 0.76
to 0.86, P = 0.002), and similar to the AUC from model with
gestational age and race (AUC = 0.92, 95% CI = 0.88 to 0.95,
P = 0.94).

DISCUSSION

We utilized the largest early preterm infant (32 ± 1 weeks
PMA) retinal OCT database reported to date to investigate
early OCT biomarkers for TR-ROP. An advantage of this
database was that it included a high proportion of eyes
that later required ROP treatment (67 (24%) of 277 eyes).
Whereas retinal and choroidal thicknesses in these early
preterm infants were associated with TR-ROP, the impact
of gestational age and race outweighed most measures
as predictors. Early-onset macular edema in the youngest
infants appeared to be a protective biomarker against the
development of TR-ROP. In contrast, in infants without
macular edema, lower P/F ratio, a marker of an underdevel-
oped fovea, appeared to be a biomarker predicting TR-ROP.

Identifying biomarkers predicting TR-ROP on bedside
OCT imaging is an attractive aspect of neonatal research due
to OCT’s noninvasive and reproducible nature to measure
retinal layer thickness in the infant eye.33,35 However, in our
current study, the significant impact of gestational age and
race outweighed most candidate OCT biomarkers. This may
be due to the known inter-relationship between gestational
age and retinal thicknesses in preterm infants, particularly
the IRL.26 From the 102 infants in BabySTEPS, we reported
that thicker IRL at the foveal center was highly correlated
with gestational age from as early as 30 weeks PMA and the
process of foveation is likely arrested at preterm birth.26 Our
other candidate, thin choroid, was previously shown to be
associated with more severe ROP,20 however, the predictive
power of choroidal thickness was also outweighed by the
effect of gestational age and race. In addition, we did not
find a significant relationship between gender and develop-
ment of TR-ROP in our dataset.

We found that early onset macular edema at 32 ± 1 weeks
PMA appears protective against development of TR-ROP.
Infant macular edema is a unique but common finding of
the preterm retina. It is estimated to occur in 30% to 60%
of preterm infant eyes,23,25,27,28,36–38 and may assume differ-
ent morphology depending on the timing of onset.20,39 The
etiology of macular edema is still unclear, and hypotheses
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TABLE 3. Univariable and Multivariable Analysis for the Association of OCT Measures at 32 ± 1 Weeks Postmenstrual Age and Development
Treatment-Requiring Retinopathy of Prematurity in all Eyes

OCT Features/Demographics # of Eyes
# of Eyes With

Treatment
Unadjusted
OR (95% CI) P Value

GA and Race
Adjusted OR
(95% CI) P Value

Thickness at fovea, μ) (OR for per 10 μm increase)
IRL 277 67 (24.2%) 1.38 (1.17, 1.62) 0.0001 1.11 (0.92, 1.35) 0.28
ORL 272 66 (24.3%) 1.13 (0.92, 1.40) 0.24 1.02 (0.76, 1.36) 0.91
Total retina-RPE 277 67 (24.2%) 1.02 (0.98, 1.06) 0.26 0.96 (0.90, 1.02) 0.18

Thickness at parafovea, μm (OR for per 10 μm increase)
IRL 263 63 (24.0%) 0.86 (0.70 1.06) 0.16 1.02 (0.84, 1.23) 0.88
ORL 258 62 (24.0%) 0.97 (0.67, 1.39) 0.85 1.18 (0.81, 1.73) 0.39
Total retina 262 63 (24.0%) 0.93 (0.83, 1.05) 0.21 0.96 (0.85, 1.07) 0.46
INL 272 66 (24.3%) 0.97 (0.86, 1.09) 0.58 0.88 (0.74, 1.06) 0.18
Choroid 268 66 (24.6%) 0.94 (0.89, 0.995) 0.03 1.01 (0.95, 1.09) 0.71

P/F ratio (per 0.1 increase) 262 63 (24.0%) 0.82 (0.75, 0.89) <0.0001 1.01 (0.87, 1.17) 0.88
Birth weight, per 10 g increase 277 67 (24.2%) 0.94 (0.91, 0.97) <0.0001 1.002 (0.97 1.04) 0.93
Gestational age, per week increase 277 67 (24.2%) 0.39 (0.25, 0.60) <0.0001
Gender 0.99 0.87

F 132 32 (24.2%) Reference Reference
M 145 35 (24.1%) 0.99 (0.46, 2.14) 1.08 (0.44, 2.64)

Race 0.06
White 122 32 (26.2%) Reference
Black 135 23 (17.0%) 0.58 (0.25, 1.34) 0.20
Other 20 12 (60%) 4.22 (1.06, 16.84) 0.04

Macular edema 0.40 0.01
No 197 51 (25.9%) Reference Reference
Yes 75 15 (20.0%) 0.69 (0.29, 1.64) 0.21 (0.06, 0.70)

INL, inner nuclear layer; IRL, inner retinal layers; OR, odds ratio (for treated ROP); ORL, outer retinal layers; P/F ratio, parafovea/fovea
ratio. Variables with P value < 0.10 were selected to enter the initial multivariable analysis.

include vascular leakage, retrograde cell death, and others.
Although some studies showed that macular edema may
be associated with worse visual acuity and neurodevelop-
mental outcomes,40,41 in the recent BabySTEPS, our group
did not find an association with worse visual acuity.42 We

have previously reported the biphasic presence of macular
edema in preterm infants in an analysis that included infants
from groups 1 to 3 of this study (see the Methods section).39

Macular edema occurring at 32 ± 1 weeks PMA, considered
as early-onset edema, was more severe when compared to

TABLE 4. Univariable and Multivariable Analysis of the Association of OCT Measures at 32 ± 1 Weeks PMA With Treatment-Requiring ROP
in Eyes Without Macular Edema

OCT Features/Demographics
# of Eyes
Total

# of Eyes With
Treatment

Unadjusted OR
(95% CI) P Value

GA and Race
Adjusted OR
(95% CI) P Value

Thickness at fovea, μm (OR is for per 10 μm increase)
IRL 197 51 (25.9%) 1.42 (1.16, 1.75) 0.0007 1.05 (0.82, 1.35) 0.70
ORL 197 51 (25.9%) 1.49 (1.07, 2.06) 0.02 1.36 (0.96, 1.92) 0.08
Total retina-RPE 197 51 (25.9%) 1.40 (1.22, 1.60) <0.0001 1.15 (0.99, 1.35) 0.08

Average thickness at parafovea, μm (OR is for per 10 μm increase)
IRL 185 48 (25.9%) 0.70 (0.56, 0.88) 0.003 0.79 (0.58, 1.07) 0.12
ORL 185 48 (25.9%) 0.91 (0.56, 1.48) 0.71 1.35 (0.78, 2.35) 0.28
Total retina 185 48 (25.9%) 0.85 (0.74, 0.98) 0.03 0.96 (0.79, 1.17) 0.70
INL 197 51 (25.9%) 1.58 (0.90, 2.80) 0.11 1.35 (0.71, 2.59) 0.36
Choroid 190 51 (26.8%) 0.93 (0.87, 0.99) 0.03 1.01 (0.94, 1.09) 0.74

P/F ratio, per 0.1 increase 185 48 (25.9%) 0.59 (0.49, 0.71) <0.0001 0.74 (0.59, 0.93) 0.02
Birth weight, per 10 g increase 197 51 (25.9%) 0.94 (0.91, 0.97) 0.0001 1.02 (0.98, 1.07) 0.29
Gestational age, per week increase 197 51 (25.9%) 0.37 (0.23, 0.59) <0.0001
Gender 0.46 0.17

F 97 22 (22.7%) Reference Reference
M 100 29 (29%) 1.39 (0.58, 3.34) 2.24 (0.71, 7.07)

Race 0.14
White 82 24 (29.3%) Reference
Black 98 18 (18.4%) 0.54 (0.21, 1.41) 0.21
Other 17 9 (52.9%) 2.72 (0.62, 11.93) 0.19

INL, inner nuclear layer; IRL, inner retinal layer; OR, odds ratio (for treated ROP); ORL, outer retinal layer; P/F ratio: parafovea/fovea
ratio. Variables with P value < 0.10 were selected to enter the initial multivariable analysis.
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macular edema that occurred after 35 weeks PMA.39 In our
current study, although we did not include the severity of
edema in this analysis, we found a protective effect of early-
onset macular edema against development of TR-ROP. We
hypothesize that early-onset macular edema is indicative of a
more mature state of retinal vascular development. However,
this hypothesis will need to be tested with direct imaging of
the status of vascularization in these eyes.

We believed that macular edema complicates analysis
of the P/F ratio by increasing the central foveal thickness
and therefore lowering the P/F ratio, and that excluding
eyes with edema allowed a subgroup analysis without this
confounding factor. In eyes without macular edema, despite
the substantial impact of gestational age, a lower P/F ratio
was found to be significantly associated with future develop-
ment of TR-ROP. Perifoveal vascularization has been shown
to associate with inner retinal thickening at the parafovea
and establishment of the foveal pit.31 Therefore, we hypothe-
size that perifoveal vascularization leads to increased retinal
thickness at the parafovea and a higher P/F ratio. The lower
P/F ratio is indicative of a flat or indeterminate fovea at 32
± 1 weeks PMA and appears to be a biomarker of immature
foveal development, resulting from a simultaneous lag in
both neural and vascular development in the preterm infant
retina. Thus, in a large database in preterm infants at an
early age, although the “arrested” fovea is strongly associated
with lower gestational age, it is also indicative of poorer reti-
nal vascular development beyond gestational age and race.
Whether this finding is due to vascular endothelial growth
factor overdrive found in eyes that later develop severe ROP
affecting human foveal development remains unclear.

Preterm infants have multiple sequential ROP examina-
tions while in the nursery. The purpose of these repeated
examinations is to identify eyes progressing to TR-ROP.
However, these examinations are associated with discom-
fort and stress that may have long-term neurodevelopmen-
tal consequences.43–45 Therefore, efforts have been made to
create prediction models to identify eyes that are more likely
to develop TR-ROP in an effort to decrease the frequency
of screening. Previous studies have identified the vascular
severity score at 32 ± 1 weeks PMA and vascular develop-
ment as potential biomarkers that may enhance the predic-
tion of severe ROP.9,46 In the current study, we found that
in infants with lower gestational age, the presence of early
macular edema appeared protective against development of
TR-ROP. Additionally, despite the overwhelming effect of
gestational age and race on many potential early retinal
and choroidal OCT biomarkers predicting TR-ROP, a lower
P/F ratio in eyes without macular edema appeared as an
attractive potential candidate that could be utilized in the
prediction of TR-ROP and in risk stratification for future clin-
ical trials. Thus, in an ongoing clinical study (BabySTEPS2:
NCT04995341), in addition to the vascular severity score, we
plan to validate OCT biomarkers, such as the presence of
early-onset macular edema and lower P/F ratio to predict
future TR-ROP.
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