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Purpose: To develop a semi-automated method of measuring foveal maturity using
investigational handheld swept source-optical coherence tomography (SS-OCT).

Methods: In this prospective, observational study, full-term newborns and preterm
infants undergoing routine retinopathy of prematurity screening were imaged. Semi-
automated analysis measured foveal angle and chorioretinal thicknesses at the central
foveaandaverage two-sidedparafoveaby three-grader consensus, correlatingwithOCT
features and demographics.

Results: One hundred ninety-four imaging sessions from 70 infants were included
(47.8% girls, 37.6 ± 3.4 weeks postmenstrual age, 26 preterm infants with birth weight
1057 ± 325.0, gestational age 29.0 ± 3.0 weeks). Foveal angle (96.1 ± 22.0 degrees)
steepened with increasing birth weight (P= 0.003), decreasing inner retinal layer thick-
ness, and increasing gestational age, postmenstrual age, and foveal and parafoveal
choroidal thickness (all P < 0.001). Inner retinal fovea/parafovea ratio (0.4 ± 0.2) corre-
latedwith increasing inner foveal layers, decreasing postmenstrual age, gestational age,
and birth weight (all P < 0.001). Outer retinal F/P ratio (0.7 ± 0.2) correlated with ellip-
soid zone presence (P < 0.001), increased gestational age (P = 0.002), and birth weight
(P = 0.003). Foveal (447.8 ± 120.6 microns) and parafoveal (420.9 ± 109.2) choroidal
thicknesses correlated with foveal ellipsoid zone presence (P = 0.007 and P = 0.01,
respectively), postmenstrual age, birth weight, gestational age, and decreasing inner
retinal layers (all P < 0.001).

Conclusions: Foveal development is dynamic and partially observed through
semi-automated analysis of handheld SS-OCT imaging.

Translational Relevance: Semi-automated analysis of SS-OCT images can identify
measures of foveal maturity.

Introduction

The fovea is the primary sensory location for high
spatial resolution as well as color vision in the eye.
Foveal development occurs in seven phases. Phases 1

and 2 are seen soon after preterm birth, whereby the
outer nuclear layer is slightly concave and the fovea
relatively thickened. Phases 3 and 4 occur around term
and are notable for thinning of the ganglion cell layer,
inner plexiform layer, and inner nuclear layers at the
fovea, with thickening of the ganglion cell layer and
inner plexiform layer peripherally. In phases 5 through

Copyright 2023 The Authors
tvst.arvojournals.org | ISSN: 2164-2591 1

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

Downloaded from iovs.arvojournals.org on 04/25/2024

mailto:cabreram@uw.edu
https://doi.org/10.1167/tvst.12.3.5
http://creativecommons.org/licenses/by-nc-nd/4.0/


OCT Analysis of Foveal Maturity in Infants TVST | March 2023 | Vol. 12 | No. 3 | Article 5 | 2

7, which occur in children, the ganglion cell layer and
inner plexiform layers continue to thin at the fovea,
with the inner nuclear layer thinning in the shoulders
in phase 7. Once fully developed, the central fovea
includes only the photoreceptor and nerve fiber layer,
excluding all other layers.1

Premature birth, especially before 28 weeks’ gesta-
tion, has been associated with failure of the inner
retinal layers to move centrifugally from the fovea,
leading to an immature and shallow foveola.2–5 Previ-
ous studies have found that prematurity is the most
influential factor in predicting abnormal foveal devel-
opment.3,6

Only one prior study reported semi-automated
analysis of foveal maturity using handheld swept-
source optical coherence tomography (SS-OCT)
imaging.7 However, that study did not exclude macular
edema, which may significantly impact foveal measure-
ments. More detailed analyses of inner and outer
retinal and choroidal thickness measurements have not
been performed in the newborn and may improve our
understanding of in vivo foveal development.

In this study, we utilize an investigational handheld,
non-contact, SS-OCT device developed in house8–11 to
image full-term newborns and preterm infants being
screened for retinopathy of prematurity (ROP). Here,
we introduce a novel semi-automated method for
measuring retinal and choroidal parameters correlated
with foveal maturity on SS-OCT images.

Methods

This is a prospective, observational study includ-
ing full-termnewborns and premature infants undergo-
ing routine ROP screening. Institutional review board
approval was obtained at the University of Washing-
ton and Seattle Children’s Hospital. Participants were
recruited between March 2018 and June 2019 and
informed consent was obtained from guardians of all
participating infants after explanation of the nature
and possible consequences of the study. Preterm
infants were selected based on standard screening crite-
ria for infants at risk for ROP (less than 30 weeks’
gestation and/or under 1500 g birth weight). Full-
term infants included in the study had at least 37
weeks’ gestation and were at least 12 hours old. Infants
with uncertain guardianship, systemic disease, or who
had complex social situations were excluded from the
study. Demographic information for participants was
gathered from the medical record.

An investigational handheld SS-OCT device8,9 was
used to obtain images on unsedated preterm infants

on the same day that they received their routine ROP
screening. The device was powered by a 1060 nm swept
laser source that delivers an imaging speed of 200,000
A-scans per second (200 kHz), with a spatial resolution
of 5.5 μm axially and 15 μm laterally.

Follow-up took place according to standard ROP
protocol, typically every 2 weeks for 2 to 7 visits. In
contrast, full-term infants were imaged only once from
12 to 72 hours after birth. One to 2 drops of 1%
phenylephrine hydrochloride and 0.2% cyclopentolate
ophthalmic solution were used to dilate the eyes of all
the participants. The handheld device includes a pupil-
finding feature, which allows the operator to efficiently
align the device with the awake infants’ optical axis.
Imaging was performed without an eyelid speculum or
ocular contact. Eyelids were held open by the imagers’
fingers.

Image Analysis

Two independent, trained, masked graders (authors
T.R.M. and S.E.L.) selected and analyzed the highest
quality OCT volumes for each eye of each infant visit
using ImageJ (National Institute of Health, USA).
For all disagreements between the two graders, a
third masked grader (author M.T.C.) was used as a
tiebreaker for the following features: cystoid macular
edema (+/− altering foveal contour), subretinal fluid,
persistent inner retinal layers at the fovea (graded as
0 - none, 1 - inner nuclear layer, 2 - inner plexiform layer,
3 - ganglion cell layer, and 4 - unknown), and presence
of a foveal ellipsoid zone. The single best image from
each OCT volume on ImageJ was selected for semi-
automated analysis by two-grader consensus using two
new graders (authors E.K.T. and K.E.L.).

Semi-Automated Analysis

The semi-automated analysis of the SS-OCT images
was completed independently by two trained graders
(authors E.K.T. and K.E.L.) using a MATLAB
(MATLAB;MathWorks, Inc.) program that was devel-
oped for analysis of foveal maturity (Fig. 1).12 Images
were excluded from this analysis if they had cystoid
macular edema that altered foveal contour or subreti-
nal fluid as determined by three-grader consensus
(authors T.R.M., S.E.L., and M.T.C.). Images were
also excluded for any motion artifact or decentra-
tion that precluded segmentation of the fovea and
parafovea as determined by two-grader consensus
(authors E.K.T. and K.E.L.).

The first step was completed by uploading the
previously selected best OCT image to MATLAB.
This program identified the most shallow retinal
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Figure 1. Illustration of measurements by semi-automated analysis of foveal maturity. (A) Original OCT B-scan image encompassing the
foveal center. (B) The program automatically segmented the ILM (green curved line), OPL (red curved line), RPE (blue line), and C/S junction
(white curved line). Foveal anglewasmeasured from thebrimof the foveal depression (reddotson each side) to the center of the fovea (central
red dot). Inner retina was measured from the ILM to the OPL. Outer retina was measured from the OPL to the RPE. Choroid was measured
from RPE to the C/S junction. The program then aligned the B-scan with the RPE as the reference (i.e., making the RPE as a straight line as
shown). The thickness measurements were performed at the three locations marked by central red dot and yellow asterisks for the foveal
and parafoveal thickness, respectively. ILM, internal limiting membrane; OPL, outer plexiform layer; RPE, retinal pigment epithelium; C/S,
choroid/sclera border. Scale bar = 1 mm.

location in a single B scan encompassing the foveal
center. Then, it automatically segmented the inter-
nal limiting membrane (ILM), outer border of the
outer plexiform layer (OPL), the retinal pigment
epithelium (RPE) and the choroid/sclera border
(C/S junction). Finally, MATLAB automatically
aligned the B-scan with the RPE as the reference
(i.e., assuming the RPE to be perfectly horizontal;
see Fig. 1B). Once the analysis was completed, the
graders then subjectively examined the images to
confirm appropriate segmentations. If there were
mistakes, the script allowed the graders to make
corrections as needed.

As in the study completed by de Sisternes et al.
in 2015, the OCT images were segmented in a pixel-
by-pixel basis at the layers defining the inner and
outer retina,13 with the addition of choroidal thickness
measurements. Following confirmation of accurate
segmentation, the semi-automated program measured
the inner retinal thickness (ILM to OPL), outer retinal
thickness (OPL toRPE), and choroidal thickness (RPE
to C/S junction14,15) at 3 locations: the center of the
fovea and the parafovea measured 2.5 mm from the
center of the fovea to each side (see the red dots shown
in Fig. 1B). Thickness measurements were automati-
cally performed at these predefined locations by repeat-
ing measurements for each of 11 A-scans in a region
centered at each location. The final thickness was
obtained by averaging these 11 A-scan measurements.
Foveal thicknesses were divided by themean parafoveal
thicknesses to create a fovea/parafovea (F/P) ratio for
the inner and outer retinal thicknesses for each OCT
volume.

The foveal angle was measured by manually select-
ing the foveal center (lowest point of the fovea)
as well as the parafoveal points on either side
whereby the retinal contour began to flatten. The
program then calculated the foveal angle in degrees
(see Fig. 1B). Agreement between the 2 graders was
defined as a difference in thickness measurements
within 50 microns and a difference in foveal angle
within 15 degrees. If differences fell outside of these
predetermined criteria, a third trained grader (author
M.T.C.) was used as a tiebreaker, whereby the measure-
ment closest to the tiebreaker’s measurement was
averagedwith that of the tiebreaker’s for the final result.

Statistical Analysis

Akappa scorewas calculated for agreement between
the two graders (authors T.R.M. and S.E.L.) who
performed the structural SS-OCT analysis. Intergrader
agreement for the semi-automated portion of this study
was completed by determining an intraclass corre-
lation coefficient between the second set of graders
(authors E.K.T. and K.E.L.) for all measurements of
the complete data set.

Choroidal thicknesses (at both the fovea and
mean parafovea), foveal angle, and F/P ratios for the
inner and outer retinal layers were correlated with
the presence of persistent inner retinal layers, ellip-
soid zone, and infant-based characteristics including
postmenstrual age, gestational age, and birth weight.

A generalized linear mixed model was used to
account for multiple measurements for each infant
(2 eyes and multiple visits) for all comparisons. For all
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assessments, a P value < 0.05 was considered statisti-
cally significant. All statistical analysis was performed
using SAS version 9.4 (SAS Institute, Inc., Cary, NC,
USA).

Results

A total of 250 eye images from 44 full-term and 26
preterm infants were obtained in this study. Of these,
56 were excluded (15 did not contain the fovea, 16 had
cystoid macular edema that altered fovea contour, 15
had subretinal fluid, and 10 had poor image quality),
leaving 194 eye images for analysis (86 full-term and
108 preterm) from 44 full-term and 26 preterm infants.
Demographic data for the study participants can be
found in Table 1.

For grading anatomic features on OCT B-scans,
a kappa intergrader agreement of 1.0 was calculated,
indicating complete agreement between the 2 graders.
The semi-automated analysis for foveal maturity 2-
grader agreement was 92/99 (92.9%). Seven images
required the use of a tiebreaker. The intraclass corre-
lation coefficients for semi-automated foveal measure-
ments ranged from 0.81 to 0.99 (Table 2), considered
“good to excellent” agreement.16

Semi-automated measurements demonstrated
significantly greater foveal maturity for full-term
compared to preterm infants as indicated by lower
inner retinal F/P ratio (0.2 ± 0.1 vs. 0.5 ± 0.2, respec-
tively), lower foveal angle (81.9 ± 10.7 vs. 107.2 ±
22.3), as well as increased choroidal thickness at the
fovea (508.4 ± 93.5 vs. 399.9 ± 118.3) and parafovea
(473.9 ± 89.0 vs. 378.9 ± 105.6). All comparisons had

Table 2. Interclass Correlation Coefficients for Semi-
Automated Analysis

Variable ICC 95% CI P Value

Foveal IRL* thickness 0.94 0.88–0.97 <0.001
Foveal ORL† thickness 0.86 0.81–0.89 <0.001
Parafoveal IRL thickness 0.86 0.82–0.90 <0.001
Parafoveal ORL thickness 0.81 0.61–0.78 <0.001
Foveal angle‡ 0.96 0.95–0.97 <0.001
Foveal choroidal§ thickness 0.98 0.98–0.99 <0.001
Parafoveal choroidal thickness 0.99 0.98–0.99 <0.001

Abbreviations: IRL, inner retinal layer; ORL, outer retinal
layer; ICC; interclass correlation coefficient; CI, confidence
interval.

*IRL wasmeasured from the internal limitingmembrane to
the outer plexiform layer.

†ORL was measured from the outer plexiform layer to the
retinal pigment epithelium.

‡Foveal angle was measured from foveal center to two-
sided foveal rim.

§Choroidal thickness was measured from the retinal
pigment epithelium to the choroid/sclera junction.

a P value < 0.001. These differences were seen in spite
of largely overlapping postmenstrual age at time of
imaging (see Table 1). The F/P ratio at the outer retina
(0.8 ± 0.2 vs. 0.7 ± 0.2) was not associated with an
infant’s preterm or full-term status (Table 3).

Among both preterm and full-term infants, increas-
ing inner retinal F/P ratio, increasing foveal angle,
and decreasing foveal and parafoveal choroidal thick-
ness correlated with increasing persistent inner retinal
layers (P < 0.001 for all comparisons; Figs. 2A–C),
confirming their relationship with inner foveal immatu-
rity. Ellipsoid zone presence coincided with decreasing

Table 1. Demographic Data of Study Population

Variable Preterm Full-Term

Total number of infants 26 44
Sex Female = 12 (48.0%) Female = 21 (47.7%)
Birth weight (g), mean (SD) 1057.6 (324.8) 3414.2 (501.9)
Gestational age (weeks), mean (SD) 29.09 (3.0) 39.18 (1.2)
Postmenstrual age at imaging
(weeks), mean (SD)

36.08 (3.8) 39.34 (1.3)

Race/ethnicity White = 16 (64.0%) White = 28 (63.6%)
Native American/Alaska

native = 2 (8.0%)
Native American/Alaska

native = 0 (0.0%)
Black = 1 (4.0%) Black = 3 (6.8%)
Asian = 0 (0.0%) Asian = 6 (13.6%)

Hispanic = 0 (0.0%) More than one = 5 (11.4%)
More than one = 1 (4.0%)

Abbreviation: SD, standard deviation.
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Table 3. Comparison of Foveal Parameters and Infant Preterm/Full-Term Status

Variable, Mean (SD) Preterm Full-Term P Value*

N 107 84
F/P inner retina† 0.5 (±0.2) 0.2 (±0.1) <0.001
F/P outer retina‡ 0.7 (±0.2) 0.8 (±0.2) 0.005
Foveal angle§ 107.2 (±22.3) 81.9 (±10.7) <0.001
Foveal choroidal thickness|| 339.9 (±118.3) 508.4 (±93.5) <0.001
Parafoveal choroidal thickness|| 378.9 (±105.6) 473.9 (±89.0) <0.001

Abbreviations: SD, standard deviation; N, number of individual eye visits; F/P, foveal/parafoveal ratio.
*A linear mixed model approach was used to account for multiple eyes and visits.
†Inner retina was measured from the internal limiting membrane to the outer plexiform layer.
‡Outer retina was measured from the outer plexiform layer to the retinal pigment epithelium.
§Foveal angle was measured from foveal center to two-sided foveal rim.
||Choroidal thickness was measured from the retinal pigment epithelium to the choroid/sclera junction.

Figure 2. Semi-automatedmeasurements of foveal maturity versus innermost layer and ellipsoid zone presence. (A) Mean F/P ratio at the
inner retina strongly correlates with number of innermost layers present at the fovea. Mean F/P ratio at the outer retina strongly correlates
with ellipsoid zone absence at the fovea. (B) Choroidal thickness at the fovea and parafovea correspond to absent inner retinal layers and
present ellipsoid zone at the fovea. (C) Foveal angle increases with increasing innermost layers present at the fovea. See Figure 1 for an
explanation of semi-automated measurements. Whiskers, standard deviation; F/P, fovea/parafovea ratio.

F/P ratio at the outer retina (P < 0.001) and increas-
ing parafoveal (P < 0.012) and foveal (P < 0.007)
choroidal thickness, suggesting that these measure-
ments relate to outer retinal maturity (see Figs. 2A–C).
Decreasing F/P ratio at the inner retina, and decreasing

foveal angle and increasing choroidal thickness at
the fovea and parafovea were significantly associated
with postmenstrual age at imaging, confirming strong
relationships between these semi-automated measure-
ments and maturity (P < 0.001; Fig. 3A). In contrast,
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Figure 3. Semi-automated measurements of foveal maturity versus postmenstrual age. (A) F/P ratio at the inner retina decreases with
postmenstrual age (P< 0.001). (B) F/P ratio at the outer retina increases with postmenstrual age (P= 0.175). (C) Foveal angle decreases with
postmenstrual age (P< 0.001). (D) Choroidal thickness at the fovea increases with postmenstrual age (P< 0.001). (E) Choroidal thickness at
the parafovea increases with postmenstrual age (P < 0.001). F/P, fovea/parafovea ratio; w, weeks.

the outer retinal F/P ratio did not significantly correlate
with postmenstrual age at imaging (Fig. 3B). Finally,
increasing gestational age and birth weight were each
associated with increasing foveal maturity as measured
by decreasing F/P ratio at the inner (P= 0.001 and P<

0.001, respectively) and outer retina (P = 0.002 and P
= 0.003, respectively; Fig. 4A), decreasing foveal angle
(P = 0.001 and P < 0.001, respectively; Fig. 4B), and
increasing choroidal thickness at the fovea (P = 0.001
and P < 0.001, respectively; Fig. 4C) and parafovea (P
= 0.001 andP< 0.001, respectively; see Fig. 4C). There
were not adequate infants with longitudinal analysis to
follow foveal development of individual infants in this
study.

Discussion

This study identified correlations between known
structural markers of foveal immaturity and novel
semi-automated quantitative measures of foveal
immaturity from handheld SS-OCT images, includ-
ing F/P ratio of the inner retina, and the foveal
angle and choroidal thickness at the fovea and
parafovea. Although several other studies have
explored foveal development with retinal segmen-
tation and image registration,5,7,17 to our knowledge,
this is the first study (PubMed keywords: foveal
development, optical coherence tomography, and

Downloaded from iovs.arvojournals.org on 04/25/2024



OCT Analysis of Foveal Maturity in Infants TVST | March 2023 | Vol. 12 | No. 3 | Article 5 | 7

Figure 4. Semi-automated measurements of foveal maturity versus gestational age. (A) Inner retinal F/P ratio decreases whereas outer
retinal F/P ratio increases with gestational age (P < 0.001 and P = 0.002, respectively). (B) Foveal angle decreases with gestational age
(P < 0.001). (C) Choroidal thickness at both the fovea and parafovea increase with gestational age (both P < 0.001). F/P, fovea/parafovea
ratio; w, weeks.

retinopathy of prematurity) to use this quantitative
technique to segment and analyze foveal retinal and
choroidal layers for awake infants in the newborn
period.

Maldonado et al. analyzed premature infant foveal
development using handheld spectral domain (SD)-
OCT, identifying shallow foveal pit, persistent inner
retinal layers, and an increased F/P ratio as signs
of foveal immaturity.18 O’Sullivan et al. identified a
strong correlation between neurosensory retinal total
P/F ratio and postmenstrual age, gestational age, and
birth weight.7 He et al. found that extremely preterm
infants had a sustained inner retinal thickness as well
as a shallow foveal pit compared to non-extremely
preterm infants.5

Our study further explored these relationships by
dividing the F/P ratio at the fovea and parafovea into
inner and outer retina F/P ratios, finding that only
increasing inner retinal F/P ratio correlated with persis-
tent inner retinal layers, decreasing postmenstrual age,
and decreasing birth weight.

The association between shallow fovea and immatu-
rity is well-established.2,3,5,19 Yanni et al. found that
the foveal pits of ex-preterm children were significantly
shallower and less steep compared to those of full-
term children, with greater overall retinal thickness.19
The present study found that increasing foveal angle (a
quantification of this immature shallow configuration)
correlates with established features of foveal immatu-
rity, including the presence of persistent inner retinal
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layers, as well as decreasing postmenstrual age, gesta-
tional age, and birth weight (all P < 0.001).

Choroidal thickness measurements and their
relationship to foveal maturity have not been well
explored previously in the newborn preterm popula-
tion. The present study identified a strong relationship
between foveal or parafoveal choroidal thickness and
postmenstrual age, gestational age, and birth weight
among both full-term and preterm infants (all P <

0.001), as seen previously in mostly older ex-premature
children.14,15,20,21 The present study also found that
thinner foveal and parafoveal choroidal thickness
coincided with anatomic measures of foveal immatu-
rity, including persistent inner retinal layers (both P <

0.001), and absent foveal ellipsoid zone (P = 0.007 and
P = 0.012, respectively). Huang et al. studied choroidal
thickness in term infants through SS-OCT images
and found that thinner choroid was associated with
an absent ellipsoid zone.10 Altogether, these findings
suggest that choroidal and retinal development are
linked.

The literature on the impact of foveal immaturity
and decreased visual acuity is mixed.2,22–24 Balasub-
ramanian et al. found that 226 eyes of young adult
former preterm infants had thicker inner and outer
retinal layers at the central fovea compared to 128
age-matched full-term control eyes, but only increased
inner retinal layer thickness was associated with worse
visual acuity.22 In contrast, Lee et al. found that outer
greater than inner central foveal thicknesses corre-
lated with visual acuity among preschool-aged ex-
preterm and full-term infants.23 Yanni et al. studied
24 preterm infants and 34 full-term controls and
found that although prematurity was associated with
reduced visual acuity, there was no association between
visual acuity and foveal pit depth, diameter, or slope.19
Finally, Wu et al. found an association among visual
acuity, foveal thickness, and volume that resolved when
controlling for gestational age among 114 ex-preterm
and full-term children.2 The present study did not
examine visual acuity outcomes, but the more detailed
analysis of foveal development from this study may
clarify our understanding of visual acuity outcomes in
the future.

There are three primary limitations to this study.
The first is that infants between 33 and 36 weeks’
gestational age were not included due to the practi-
cal limitations of imaging that age group. The second
limitation is lack of longitudinal follow-up of most
infants because imaging only occurred at the time
of ROP screenings for preterm infants and once at
birth for full-term infants. Additional follow-ups were
avoided to prevent further burden on the families and
infants. The final limitation is that segmentation using

the MATLAB program for this study was time inten-
sive, limiting usability of this approach in real-life
settings. Further algorithm automation is warranted.
One strength of this study is that images contain-
ing subretinal fluid or cystoid macular edema that
altered the foveal contour were excluded, allowing for a
cleaner assessment of foveal development. In addition,
the semi-automated approach offers a quantitative and
more objective analysis of SS-OCT images than subjec-
tive assessments. Finally, this study separated the inner
and outer retinal layers in analyzing the F/P ratio,
identifying that the inner retinal F/P ratio is a more
important driver of foveal maturity.

In conclusion, foveal development is a dynamic
process that can be partially observed through novel
semi-automated analysis of handheld SS-OCT retinal
and choroidal imaging in awake infants. Our results
demonstrate that foveal angle, inner retinal F/P ratio,
and choroidal thickness at the fovea and parafovea are
important measures of foveal development.
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