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Birth Weight Is a Significant Predictor of Retinal
Nerve Fiber Layer Thickness at 36 Weeks
Postmenstrual Age in Preterm Infants
LIANGBO L. SHEN, SHWETHA MANGALESH, BRENDAN MCGEEHAN, VINCENT TAI, NEERU SARIN,
MAYS A. EL-DAIRI, SHARON F. FREEDMAN, MAUREEN G. MAGUIRE, AND CYNTHIA A. TOTH, FOR THE

BABYSTEPS GROUP
� PURPOSE: To assess retinal nerve fiber layer (RNFL)
thickness in preterm infants.
� DESIGN: Prospective observational study.
� METHODS: We imaged 83 awake infants (159 eyes) at
36 ± 1 weeks postmenstrual age (defined as the time
elapsed between the first day of the last maternal men-
strual period and the time at imaging) using a handheld
optical coherence tomography (OCT) system at the
bedside. Blinded graders semi-automatically segmented
RNFL in the papillomacular bundle (L15 to D158 rela-
tive to the fovea-optic nerve axis). We correlated RNFL
thickness and 7 characteristics of interest (sex, race,
ethnicity, gestational age, birth weight, stage of retinop-
athy at prematurity, and presence of pre-plus or plus dis-
ease) via univariable and multivariable regressions.
� RESULTS: RNFL was 3.4 mm thicker in the right eyes
than in the left eyes (P < .001). Among 7 characteris-
tics, birth weight was the only independent predictor of
RNFL thickness (P < .001). A 250-g increase in birth
weight was associated with 5.2 mm (95% confidence in-
terval: 3.3-7.0) increase in RNFL thickness. Compared
with very preterm infants, extremely preterm infants
had thinner RNFL (58.0 ± 10.7 mm vs 63.4 ±
10.7 mm, P [ .03), but the statistical significance disap-
peared after adjustment for birth weight (P [ .25).
RNFL thickness was 11.2 mm thinner in extremely low
birth weight infants than in very low birth weight infants
(55.5 ± 8.3mm vs. 66.7 ± 10.2mm; P< .001). The dif-
ference remained statistically significant after adjustment
for gestational age.
� CONCLUSION: Birth weight is a significant independent
predictor of RNFL thickness near birth, implying that the
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retinal ganglion cells reserve is affected by intrauterine
processes that affect birth weight. (Am J Ophthalmol
2021;222:41–53. � 2020 Elsevier Inc. All rights
reserved.)

E
XTREMELY PRETERM (EPT; <28 WEEKS’ GESTATIONAL

age) and very preterm (VPT; between 28 and
32 weeks’ gestational age) infants have an approxi-

mately 50% risk of major neurodevelopmental disabilities,
including impaired cognitive and motor functions, cerebral
palsy, hearing loss, and blindness in later life.1,2 Ocular
sequelae of EPT and VPT births include retinopathy of pre-
maturity (ROP), optic atrophy, refractive errors, stra-
bismus, amblyopia, and visual field deficit.3–8 Compared
with VPT infants, EPT infants have an even higher risk
of neurodevelopmental and visual impairments.1,2,6 Early
identification of infants with insults to the central nervous
system may allow for timely evaluation and interventions.
Quantification of the thickness of the retinal nerve fiber

layer (RNFL) based on optical coherence tomography
(OCT) provides a noninvasive measure of the axonal mass
in the anterior visual pathway. RNFL thickness serves as a
biomarker for optic nerve integrity and changes due to
congenital or acquired optic neuropathies, including glau-
coma, optic neuritis, or others.9–12 RNFL thickness has
also been associated with intraocular factors and
diseases (eg, axial length, refractive error, and retinal
ischemia),13–15 intracranial diseases (eg, multiple sclerosis,
Alzheimer disease, and Parkinson disease),16–18 and
systemic diseases (eg, type 1 diabetes, Marfan syndrome,
and attention deficit hyperactivity disorder in children).19–
21 These findings have demonstrated the potential value of
RNFL thickness in the management of adult and
pediatric diseases. Recently, several studies found
correlations between birth parameters and RNFL thickness
in school-age children.22–31 However, the results of these
studies raised significant controversy regarding the
correlations. For example, some studies demonstrated
significantly thinner RNFL in children born at a younger
gestational age,24,29 whereas other studies proposed that
gestational age was not an independent predictor of RNFL
thickness.22,27,28,30,31 Instead, the latter attributed thinner
RNFL thickness in infants of younger gestational age to their
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lower birth weight30,31 or to a history of severe ROP
stage.22,27,28 Because these studies included only school-age
children, it is unknown whether the previous findings were
confounded by later neurodevelopment. As the eye of a child
grows, the measured RNFL thickness may change as well.32

In addition, other factors (eg, sex, race, ethnicity, eye lateral-
ity)may also be related toRNFL thickness based on studies in
adults.33–37 Therefore, a direct measurement of RNFL
thickness in infants is essential to better understand the
variation in RNFL thickness across individuals, which may
assist in the establishment of RNFL thickness as a
biomarker for various diseases. This knowledge may also
shed light on the pathophysiology of retinal conditions and
neurodevelopment in preterm infants.

The recent advancement of portable, handheld OCT
systems allows for noncontact, bedside imaging of RNFL
in awake infants, which allowed studies on RNFL thickness
in premature infants.32,38–40 In our pilot study, which
compared VPT with term infants, OCT imaging at term-
equivalent age identified thinner RNFL in the papillomac-
ular bundle (PMB) and temporal quadrant in VPT in-
fants.38 We also found that the thinner RNFL in these
infants was associated with lower scores of cognitive and
motor functions at 18-24 months corrected age.38 Patel
and associates also demonstrated the feasibility of handheld
OCT imaging of the optic nerve head in term infants and
children between 1 day and 13 years.32 However, both pre-
vious studies only included a small number of infants, and
these infants were imaged within a wide age window. Also,
to the best of our knowledge, no previous studies reported
RNFL thickness in EPT or extremely low birth weight
(ELBW) infants who are the most vulnerable cohort for
neurodevelopmental and visual impairments.1,2,6

To investigate the retinal microanatomy in preterm in-
fants, we initiated the prospective observational Study of
Eye Imaging in Premature Infants (BabySTEPS) using
bedside swept-source OCT systems with custom-built, ul-
tra-compact imaging probes. We report our findings from a
cross-sectional analysis of the RNFL thickness in preterm in-
fants imaged at 36 weeks postmenstrual age (PMA, defined
as the time elapsed between the first day of the last maternal
menstrual period and the time at imaging) before any treat-
ment for ROP. Specifically, we tested the hypothesis that in-
trauterine processes affect RNFL thickness (and these could
be an abnormality of development or injury before birth).
We investigated the relationship between RNFL thickness
and demographic factors (sex, race, and ethnicity), birth pa-
rameters (gestational age and birth weight), and ocular fea-
tures (ROP stage and the presence of plus disease) in
preterm infants. A finding of birth weight as an independent
predictor of RNFL thickness would support our hypothesis.
In contrast, if birth parameters were not associated with
RNFL thickness, the variation in RNFL thickness among
preterm infants would likely result from other processes
(eg, genetics, postnatal processes, and intraocular factors).
We also reported and compared RNFL thickness among
42 AMERICAN JOURNAL OF
EPT, VPT, ELBW, very low birth weight (VLBW), small
for gestational age, and not small for gestational age infants.

METHODS

� STUDY DESIGN AND PARTICIPANTS: The BabySTEPS
(ClinicalTrials.gov identifier: NCT02887157) study was a
prospective, single-center, observational study that was
prospectively approved by the Duke University Health Sys-
tem Institutional Review Board. We enrolled infants if
they were eligible for ROP screening based on the guide-
lines by American Association of Pediatrics,41 and the
parent or legal guardian provided informed consent to
participate in the study. The exclusion criteria were: 1) in-
fants were unable to undergo an eye examination or imag-
ing due to a health or eye condition; and 2) infants had a
health condition (other than prematurity) that had a pro-
found impact on brain development (eg, anencephaly,
Aicardi syndrome, hydranencephaly, leukodystrophy, and
Septo optic dysplasia). Brain hemorrhage or periventricular
leukomalacia (PVL) was not considered as an exclusion cri-
terion. Enrollment extended from August 2016 through
November 2019. The study adhered to the tenets of the
Declaration of Helsinki, Good Clinical Practice, and the
Health Insurance Portability and Accountability Act.
The present cross-sectional analysis included infants

who had sufficient OCT imaging for the measurement of
peripapillary RNFL thickness in the PMB at 36 6 1 weeks
PMA before any ROP treatment (Supplemental Figure 1).
We chose the age window to include the maximum number
of infants with at least 1 session of OCT imaging before
ROP treatment. For infants with multiple OCT imaging
sessions during the 2-week window, we selected the session
closest to 36 weeks PMA. For infants who had imaging ses-
sions at equal intervals from 36 weeks PMA, we randomly
selected 1 session. Among 118 infants enrolled in the Baby-
STEPS study, 85 infants (169 eyes) had at least 1 OCT im-
aging session within the PMA window. We reported the
macular findings of the 85 infants at the selected sessions
within 36 6 1 weeks PMA in a separate paper,42 and we
used the same selected sessions in the present analysis.
One of the 85 infants underwent OCT imaging 1 day
outside of our chosen window. Of the 85 infants, 10 eyes
from 8 infants did not have a measurement of PMB
RNFL thickness at the selected sessions due to poor image
quality (9 eyes) or a missing scan in the PMB (1 eye); 1 eye
of 1 infant was excluded due to treatment for ROP admin-
istered before the selected session. Therefore, the present
report included a total of 159 eyes from 83 infants with
RNFL thickness measured within 366 1 weeks PMA (5 in-
fants with RNFL thickness only in the right eye and 2 in-
fants with RNFL thickness only in the left eye).

� STUDY PROCEDURES AND IMAGE ANALYSIS: Infant
health and medical outcome data, including demographics,
FEBRUARY 2021OPHTHALMOLOGY
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FIGURE 1. Demonstration of the optical coherence tomography imaging probe and segmentation of retinal nerve fiber layer (RNFL).
(A) The ultracompact, noncontact, handheld imaging probe used to image an infant at the bedside in the Duke intensive care nursery.
(B) Thickness map (in mm) of peripapillary RNFL derived from swept-source optical coherence tomography volumes of an eye of a
preterm infant in our cohort. The white line represents the organizing axis from the optic nerve center to the fovea. The pink arc
represents both temporal quadrants (arc fromL45 toD458 relative to the organizing axis) at 1.5 mm from the optic nerve head cen-
ter. The arc between 2 dashed pink lines and arrows represents the papillomacular bundle (arc from L15 to D158 relative to the
organizing axis). (C) Segmentation of RNFL (between the white and pink solid lines) in the papillomacular bundle (vertical dashed
pink line) in an optical coherence tomography b-scan of the same eye.
was extracted from the medical record consistent with data
collected for the Generic Database, a registry of clinical in-
formation of VLBW infants born alive in Eunice Kennedy
Shriver NICHD Neonatal Research Network centers
(Generic Database of Very Low Birth Weight Infants
[GDB]; ClinicalTrials.gov: NCT00063063). Clinical
research coordinators collected the eye examination results
of the infants directly from the pediatric ophthalmologists
during clinical examinations for ROP. Then, the coordina-
tors entered the eye examination data into the Research
Electronic Data Capture software platform.43,44

The details of the OCT system and imaging procedure in
this study were described in a separate paper.42 In brief, certi-
fied imagers imaged awake infants without a lid speculum us-
ing an investigational noncontact, handheld 200-kHz
swept-source OCT system at the bedside in the Duke inten-
sive care nursery or Duke Regional Hospital. During the
OCT imaging, the certified imager placed the imaging probe
over the infant’s eye while gently holding the infant’s eyelid
open with fingertips (Figure 1, A). The right and left eyes
were imaged in the same direction. The OCT system had
2 ultracompact (UC), noncontact, handheld probes; we
used the UC2 probe (scanning protocol: 6.93- 3 6.39-mm
scan with 512 A-scans per 112 B-scans at 08) until October
2, 2018, after which we used the UC3 probe with a wider
field of view (scanning protocol: 10 3 10 mm and 13 3
13 mm scans with 1000 A-scans per 256 B-scans at 08).45

In 14 imaging sessions, when infants had been transferred
to a second hospital, we imaged the infants with a commer-
cial spectral-domain OCT system (Envisu C2300, Leica,
Research Triangle Park, North Carolina, USA; 10- 3 10-
mm volume scans). Our previous study showed excellent
repeatability and reproducibility of RNFL thickness mea-
surements based on different handheld OCT systems.46
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All OCT volumes, which included the PMB, were auto-
matically segmented using proprietary infant-specific soft-
ware, the Duke OCT Retinal Analysis Program Marking
Code Baby version 2.0 (MATLAB R2017b; Mathworks,
Natick, Massachusetts, USA). The trained grader
(K.P.W.) at the Duke Advanced Research in SS/SD-
OCT Imaging Laboratory used the proprietary software to
mark the center of the optic nerve and center of the fovea
to define the organizing axis from the optic nerve to the
fovea. The trained grader reviewed the automated segmen-
tation and corrected errors of RNFL segmentation across an
arc above and below the organizing axis at 1.5 mm from the
optic nerve head center (Figure 1, B and C).38,39 The
average RNFL thickness was calculated at a radial distance
of 1.5 mm from the optic nerve center across the PMB (arc
from�15 toþ158 relative to the organizing axis) and across
both temporal quadrants (arc from �45 to þ458 relative to
the organizing axis).38 Average RNFL thickness measure-
ment was required to have a minimum of 90% of the spec-
ified arc segmented for inclusion in the analysis.
To assess the repeatability and reproducibility of the

RNFL segmentation, we randomly selected 10 OCT vol-
umes (1 volume per infant) that were originally segmented
by the primary grader (K.P.W.) for RNFL in the PMB.
Then, a secondary grader (D.T.) selected an alternative
OCT volume from the same session for each eye. The pri-
mary and secondary graders independently segmented
RNFL in the PMB in the original and alternative OCT vol-
umes while blinded to the results from each other and the
original RNFL segmentation.

� STATISTICAL ANALYSIS: Statistical analysis was
performed using MATLAB (MathWorks) and R 3.6.2 (R
Foundation for Statistical Computing, Vienna, Austria).
43EKS IN PRETERM INFANTS



TABLE 1. Characteristics of the Study Cohort

Total Cohort Extremely Preterm Very Preterm

No. of infants 83 36 43

Gestational age (wks) 28.0 6 2.5 25.6 6 1.3 29.6 6 0.98

Age at OCT imaging (wks) 36.1 6 0.6 35.9 6 0.6 36.2 6 0.6

Birth weight (g) 974.4 6 272.2 775 6 192.2 1,119.3 6 224.1

Sex

Male 41 (49.4) 21 (58.3) 20 (46.5)

Race

African-American 37 (44.6) 15 (41.7) 21 (48.8)

Asian 5 (6.0) 0 (0) 4 (9.3)

White 38 (45.8) 19 (52.8) 17 (39.5)

Mixed 3 (3.6) 2 (5.6) 1 (2.3)

Ethnicity

Non-Hispanic 76 (91.6) 34 (94.4) 38 (88.4)

ROP stage at OCT imaginga

Stage 0 44 (53.0) 10 (27.8) 30 (69.8)

Stage 1 15 (18.1) 5 (13.9) 10 (23.3)

Stage 2 22 (26.5) 19 (52.8) 3 (7.0)

Stage 3 2 (2.4) 2 (5.6) 0 (0)

Plus disease at OCT imaging

None 78 (94.0) 31 (86.1) 43 (100)

Pre-plus or plus diseaseb 5 (6.0) 5 (13.9) 0 (0)

Treatmentc

None 75 (90.4) 29 (80.6) 42 (97.7)

Bevacizumab and laser

photocoagulation

5 (6.0) 5 (13.9) 0 (0)

Laser photocoagulation 3 (3.6) 2 (5.6) 1 (2.3)

OCT ¼ optical coherence tomography; ROP ¼ retinopathy of prematurity.

Values are mean 6 standard deviation and n(%).
aSix infants had 1-stage difference in the ROP stage between the right and left eyes. We used the higher ROP stage between the 2 eyes.
bAll infants in this category had pre-plus or plus disease in both eyes.
cFor infants who received treatments for ROP, both eyes received the same treatment, and the treatment was administered after the session

of OCT imaging.
We reported descriptive statistics in mean 6 SD unless
otherwise specified. We assessed the intra- and inter-
grader reproducibility of RNFL thickness via Bland-
Altman plots and intraclass correlation coefficients
(ICCs). We compared RNFL thickness in the PMB and
across both temporal quadrants using a paired t-test, and
then investigated the intra-eye correlation of RNFL thick-
ness in the PMB and across both temporal quadrants using
Pearson correlation coefficients (r). For this analysis, we
only included eyes that had RNFL thickness measurements
in both regions. To assess the intereye relationship of RNFL
thickness in the right and left eyes, we generated Bland-
Altman plots and calculated r. Because we found high intra-
and intereye correlations of RNFL thickness (predefined as r
>_ 0.7),47 we only used and reported the average PMB RNFL
thickness of the right and left eyes in our subsequent ana-
lyses when data from both eyes of an infant were available.

To determine clinical predictors of RNFL thickness in
preterm infants, we first performed univariable linear
regression of PMBRNFL thickness with 7 factors of interest
44 AMERICAN JOURNAL OF
(ie, 1 at a time) that were proposed in previous studies in
school-age children or adults.22–31,33–36 The factors of
interest included sex (male vs female), race (white vs
non-white), ethnicity (Hispanic vs non-Hispanic), gesta-
tional age, birth weight, ROP stage, and presence of plus
disease (none vs pre-plus or plus disease). We used the
ROP stage and presence of plus disease at the selected ses-
sions of OCT imaging. If the ROP stage or presence of plus
disease differed between the right and left eyes, we used the
data from the worse eye. The associations between RNFL
thickness and findings in cranial ultrasound and magnetic
resonance imaging will be reported in a separate paper.
Then, we entered all significant factors (predefined as P
< .05 in univariable linear regression) into a multivariable
regression model to identify independent predictor(s) of
RNFL thickness. We assessed the existence of collinearity
among the variables (ie, multicollinearity) in the multivar-
iable model using the variance inflation factor. We prede-
fined a variance inflation factor<5 as an acceptable degree
of collinearity.48
FEBRUARY 2021OPHTHALMOLOGY



FIGURE 2. Strong intraeye correlation of retinal nerve fiber layer (RNFL) thickness in the papillomacular bundle (PMB) and across
both temporal quadrants of (A) the right eyes (n[ 78) and (B) the left eyes (n[ 75). RNFL thickness across both temporal quad-
rants was significantly higher than RNFL thickness in the PMB for both right eyes (mean difference: 1.5 mm; 95% confidence in-
terval: 10.1-12.9; P < .001) and left eyes (mean difference: 13.1 mm’ 95% confidence interval: 14.3-12.0; P < .001). The data
points of eyes with pre-plus or plus disease (solid red circles) are distributed evenly on both sides of the trendline.
We compared RNFL thickness between the following
cohorts using unpaired t-tests: 1) EPT (gestational age
<28 weeks) versus VPT (gestational age >_28 weeks and
<32 weeks) infants; 2) ELBW (birth <1,000 g) versus
VLBW (birth weight >_1,000 g and <1,500 g) infants; and
3) small for gestational age versus not small for gestational
age infants. Small for gestational age was defined as <10th
percentile of birth weight for gestational age by sex using a
United States national reference for fetal growth.49

RESULTS

� CHARACTERISTICSOFTHESTUDYCOHORT: The demo-
graphics and clinical characteristics of the included 83 in-
fants are in Table 1. The mean 6 SD gestational age was
28.0 6 2.5 weeks, and the birth weight was 974.4 6
272.2 g. The PMA at which OCT images were captured
was 36.1 6 0.6 weeks. Among the included 83 infants,
36 (43.4%) infants were EPT, 43 (51.8%) infants were
VPT, and 4 (4.8%) infants were born at or after 32 weeks.
EPT and VPT infants appeared to have a comparable distri-
bution of sex, race, and ethnicity. However, compared with
VPT infants, EPT infants had lower birth weight and a
higher percentage of ROP stage 2 (52.8% vs 7.0%). Also,
all 5 infants diagnosed with pre-plus or plus disease were
EPT.

� INTRA- AND INTER-GRADER REPRODUCIBILITY OF
RNFL THICKNESS: The reproducibility of RNFL thickness
VOL. 222 RNFL THICKNESS AT 36 WE
in the PMB was evaluated based on 10 original and 10
alternative OCT volumes of 10 infants. The primary grader
(K.P.W.) deemed 1 alternative OCT volume as ungradable
and segmented RNFL in the remaining 19 OCT volumes.
The secondary grader (D.T.) segmented RNFL in all 20
OCT volumes. Overall, we found excellent intra- and
intergrader reproducibility of RNFL thickness
(Supplemental Figures 2-4). RNFL thickness in the first
and second attempt of segmentation in the original OCT
volumes by the primary grader had a mean difference of
0.1 mm (95% limits of agreement: �4.4 to þ4.6 mm),
with an ICC of 0.98 (Supplemental Figure 2). Similarly,
RNFL thickness measured based on the original and alter-
native OCT volumes were comparable for the primary
grader (mean difference: �0.8 mm; 95% limits of
agreement: �8.7 to þ7.1 mm; ICC: 0.95) (Supplemental
Figure 3, A) and the secondary grader (mean difference:
0.0 mm; 95% limits of agreement: �7.8 to þ7.8 mm;
ICC: 0.95) (Supplemental Figure 3, B). Moreover, RNFL
thickness measured by the 2 graders had a mean difference
of �0.8 mm based on the original OCT volumes (95%
limits of agreement: �7.1 to þ5.4 mm; ICC: 0.95)
(Supplemental Figure 4, A) and a mean difference of
0.1 mm based on the alternative OCT volumes (95% limits
of agreement:�5.4 toþ5.5 mm; ICC: 0.98) (Supplemental
Figure 4, B).

� INTRA- AND INTEREYE RELATIONSHIP OF RNFL THICK-
NESS: Among 159 eyes from 83 infants with RNFL thick-
ness measurements within 36 6 1 weeks PMA, all 159
45EKS IN PRETERM INFANTS



FIGURE 3. Intereye relationship of retinal nerve fiber layer (RNFL) thickness (A and B) in the papillomacular bundle (PMB) (n[
76 infants) and (C and D) across both temporal quadrants (n [ 70 infants). (A and C) The solid red line represents the mean dif-
ference of RNFL thickness between the right and left eyes (the dashed red lines represent the 95% confidence interval [CI] for the
mean). The dashed black lines represent 95% limits of agreement. The RNFL thickness was significantly higher in the right eyes than
in the left eyes. The mean difference in the PMBRNFL thickness between the right and left eyes was 3.4mm (95%CI: 1.7-5.0;P<
.001 (A), and the mean difference in RNFL thickness measured across both temporal quadrants was 2.4 mm (95% CI: 0.3-4.6; P[
.03 (C). (B and D) RNFL thickness was highly correlated between the right and left eyes (r[ 0.80 in the PMB and 0.79 across both
temporal quadrants). The dotted lines represent the 95% CI.
eyes had RNFL thickness measurements in the PMB, and
153 eyes had RNFL thickness measurements across both
temporal quadrants. RNFL thickness across both temporal
quadrants was significantly higher than RNFL thickness in
the PMB for both right eyes (mean difference: 11.5 mm;
95% confidence interval [CI]: 10.1-12.9; P < .001) and
left eyes (mean difference: 13.1 mm; 95% CI: 14.3-12.0;
P < .001). Despite the differences, RNFL thickness in
the PMB and across both temporal quadrants was highly
correlated (r ¼ 0.92 and 0.91 in the right and left eyes,
respectively) (Figure 2, A and B).
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RNFL thickness in the right eyes was slightly but signif-
icantly higher than RNFL thickness in the left eyes
(Figure 3, A and C). The mean difference in the PMB
RNFL thickness between right and left eyes was 3.4 mm
(95% CI: 1.7-5.0; P < .001), and the mean difference in
RNFL thickness measured across both temporal quadrants
was 2.4 mm (95% CI: 0.3-4.6; P ¼ .03). RNFL thickness
was highly correlated between the right and left eyes (r ¼
0.80 in the PMB and 0.79 across both temporal quadrants)
(Figure 3, B and D). Because of the high intra- and intereye
correlations of RNFL thickness, we used and reported the
FEBRUARY 2021OPHTHALMOLOGY



TABLE 2. Univariable and Multivariable Analysis of the Retinal Nerve Fiber Layer Thickness

Characteristic

Univariable Analysis Multivariable Analysisa

Estimate (mm) 95% Confidence Interval (mm) P Value Estimate (mm) 95% Confidence Interval (mm) P Value

Sex

Male 2.5 (�2.2 to 7.2) 0.29

Female Reference

Race

White �2.0 (�6.7 to 2.7) 0.40

Non-White Reference

Ethnicity

Non-Hispanic 4.4 (�4.0 to 12.8) 0.30

Hispanic Reference

Gestational age (wks) 1.3 (0.4 to 2.2) 0.007 �1.0 (�2.3 to 0.3) 0.12

Birth weight (250 g) 5.2 (3.3 to 7.0) < 0.001 6.2 (3.4 to 8.9) < 0.001

ROP stage �3.7 (�6.1 to �1.3) 0.003 �0.6 (�3.7 to 2.4) 0.68

Pre-plus or plus disease �11.5 (�21.1 to �2.0) 0.02 �4.6 (�14.1 to 4.9) 0.34

ROP ¼ retinopathy of prematurity.
aOnly characteristics with P < .05 were included in the multivariable model.
average PMB RNFL thickness of the right and left eyes in
our subsequent analyses. The distribution of PMB RNFL
thickness of the entire cohort was a mean 6 SD of 61.1
6 10.7 mm and was well approximated by a normal distri-
bution (Supplemental Figure 5). RNFL thickness across
both temporal quadrants was 73.2 6 12.9 mm.

� ASSOCIATION BETWEEN CLINICAL FACTORS AND RNFL
THICKNESS: Table 2 shows the univariable regression coef-
ficients for sex, race, ethnicity, gestational age, birth
weight, ROP stage, and presence of pre-plus or plus disease.
We found that RNFL thickness was not significantly asso-
ciated with sex, race, or ethnicity (P value range: .29-.40).
However, RNFL thickness was positively correlated with
gestational age and birth weight (r¼ 0.30 and 0.53, respec-
tively) (Figure 4, A and B). Moreover, RNFL thickness was
negatively associated with the ROP stage (r ¼ �0.32)
(Figure 4, C) and presence of pre-plus or plus disease
(P ¼ .02) (Table 2). We determined RNFL thickness in
ROP stages 0, 1, and 2 as 63.5 6 9.9 mm, 62.9 6
11.5 mm, and 56.4 6 9.9 mm, respectively. RNFL thick-
nesses in the 2 infants with ROP stage 3 were 38.3 and
57.4 mm, respectively (Figure 4, C).

Multivariable analysis revealed that only birth weight
was an independent predictor of RNFL thickness in pre-
term infants (P < .001) (Table 2). After adjustment for
birth weight, gestational age, ROP stage, and presence of
pre-plus or plus disease were not significantly associated
with RNFL thickness in the multivariable model (P value
range: .12-.68) (Table 2). The variance inflation factor of
the multivariable model ranged from 1.28 to 2.48 (<5),
indicating an acceptable degree of collinearity between
variables.48 Based on the univariable model (Table 2), we
estimated that a 250 g increase in birth weight was associ-
VOL. 222 RNFL THICKNESS AT 36 WE
ated with a 5.2 mm (95% CI: 3.3-7.0) increase in RNFL
thickness.

� RNFL THICKNESS IN INFANTS WITH DIFFERENT DE-
GREES OF PREMATURITY: Compared with VPT infants
(n ¼ 43), EPT infants (n ¼ 36) had significantly thinner
RNFL (58.06 10.7 mm vs 63.46 10.7 mm; P¼ .03). How-
ever, after adjusting for birth weight, the difference was no
longer statistically significant (P¼ .25). Using birth weight
to classify the degree of prematurity, we divided the study
cohort into ELBW (n ¼ 42) and VLBW (n ¼ 39) infants.
RNFL thickness was 11.2 mm thinner in ELBW infants
than in VLBW infants (55.5 6 8.3 mm vs 66.7 6
10.2 mm; P < .001). The difference remained statistically
significant after adjusting for gestational age (P < .001).
RNFL thickness in the small for gestational age cohort
(n ¼ 20) and in the not small for gestational age cohort
(n ¼ 63) was comparable (58.6 6 9.2 mm vs 61.9 6
11.1 mm; P ¼ .22).
DISCUSSION

USINGBEDSIDESWEPT-SOURCEOCTSYSTEMSWITHCUSTOM-

built, ultra-compact imaging probes, we successfully evalu-
ated RNFL thickness in preterm infants at 36 6 1 weeks
PMA before any ROP treatment, with excellent intra-
and intergrader reproducibility (ICC: 0.95-0.98). To our
knowledge, this was the first study to report RNFL thickness
in preterm infants within such a narrow age window (ie,
2 weeks); no previous studies have reported RNFL thick-
nesses in EPT and ELBW infants who often have the worst
neurodevelopmental and visual outcomes. The direct
47EKS IN PRETERM INFANTS



FIGURE 4. Correlation of retinal nerve fiber layer (RNFL)
thickness with (A) gestational age, (B) birth weight, and (C)
stage of retinopathy of prematurity (ROP) (n [ 83 infants).
In each scattered plot, the dotted lines represent the 95% confi-
dence interval of the trendline (solid line). Based on the univar-
iate analysis, RNFL thickness was positively correlated with
gestational age and birth weight (P [ .007 and < .001,
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visualization of RNFL in infants allowed us to identify fac-
tors related to RNFL thickness near birth without confound-
ing effects from later neurodevelopment. In the present
analysis, we found high intra- and intereye correlations of
RNFL thickness. Interestingly, RNFL was slightly but signif-
icantly thicker in the right eyes than the left eyes, consistent
with previous reports in children and adults.37,50–58 In our
cohort, we found that the main factor that influenced
RNFL thickness at 36 weeks PMA was birth weight,
which implied that RNFL thickness near birth was mostly
affected by intrauterine processes. We estimated that a
250 g increase in birth weight was associated with a
5.2 mm (95% CI: 3.3-7.0) increase in RNFL thickness. In
contrast, sex, race, ethnicity, gestational age, ROP stage,
and presence of plus disease were not significant predictors
of RNFL thickness after adjustment for birth weight. We
also reported and compared RNFL thicknesses in infants
with varying degrees of prematurity. Compared with VPT
infants, EPT infants had significantly thinner RNFL
thicknesses (mean difference: 5.4 mm; P ¼ .03), which
was explained by differences in birth weight. Compared
with VLBW infants, ELBW infants had largely reduced
RNFL thicknesses (mean difference: 11.2 mm; P < .001).
We did not find a significant difference in RNFL
thicknesses between infants who were and were not small
for gestational age (P ¼ .22).
Several insights can be gained from our analysis. We

discovered that RNFL across both temporal quadrants was
>10 mm thicker than RNFL in the PMB among preterm in-
fants. This finding was consistent with the RNFL thickness
profile in healthy adults,59 which suggested the physiological
RNFL thickness profile might start at birth although the
macula is not fullymature until years after birth.60 The phys-
iologically thinner RNFL in the PMB could be explained by
a high concentration of parvocellular cells, which have
small cell bodies and thin axons.61 An alternative explana-
tion for the apparent difference was that the retinal vessels
in the vicinity of the peripapillary temporal quadrant might
induce OCT artifacts, leading to artificially higher RNFL
thickness measurements.59,62 If this is the case, eyes with
retinal vascular dilation (eg, pre-plus or plus disease) will
likely have a higher difference in RNFL thickness between
the temporal quadrant and PMB. However, our data in
Figure 2 did not agree with this hypothesis and showed
that the difference was comparable in eyes with and without
pre-plus or plus disease. Future studies are needed tomeasure
RNFL thickness in all peripapillary quadrants in infants to
generate the entire RNFL thickness profile and correlate
with pathological conditions in infancy or late life.
We were surprised to find RNFL thickness measured by

OCT was slightly but significantly higher in the right eyes
than in the left eyes among preterm infants (Figure 3, A
respectively) (A and B). RNFL thickness was negatively associ-
ated with the ROP stage (P [ .003 (C).
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and C). The reason underlying the intereye difference in
RNFL thickness remains unclear. Although we imaged the
right and left eyes in the same direction when the infants
were positioned horizontally, it was still possible that subtle
differences in the way the imaging probe was held might
have contributed to the intereye difference in RNFL thick-
ness. Another possibility was that the physiological thick-
ness of temporal RNFL might be slightly different between
the right and left eyes in preterm infants. At least 10 previ-
ous studies in children and adults also found greater RNFL
thicknesses (assessed by OCT) in the right eyes than in
the left eyes.37,50–58 For example, Park and associated
reported that temporal peripapillary RNFL thickness in
121 adults (mean age: 43.2 years) was 6.2 mm greater in
the right eyes than the left eyes (P < .001).50 Similarly,
Altemir and associates found a 3.6 mm thicker temporal
RNFL in the right eyes than the left eyes in 357 healthy chil-
dren (mean age: 9 years; P < .0005).54 Moreover, a recent
study performed single cell transcriptome profiling of retinal
ganglion cells and found that the composition of retinal gan-
glion cell subtypes was different between the left and right
eyes.63 Certain retinal ganglion cell subtypes were signifi-
cantly enriched (up to 3.8-fold) in the right eyes, whereas
some other subtypes were enriched in the left eyes.63 These
findings in the intereye difference in RNFL could add to the
existing literature on the left�right asymmetry in the devel-
opment of brain, face, spine, limb, and visceral organs.64–69

Future studies are needed to understand the mechanism
responsible for the intereye difference in RNFL
thicknesses and potential implications for
neurodevelopment or ocular conditions. In addition,
future studies that assess RNFL thickness with OCT
should attempt to balance the number of the right and left
eyes when comparing different clinical cohorts.

Our analysis showed that among 7 variables of interest,
birth weight was the only significant independent predictor
of RNFL thickness at 36 weeks PMA in preterm infants.
These data suggested a higher birth weight was indicative
of a greater reserve of retinal ganglion cells in infants,
regardless of the duration of pregnancy and ROP stage.
Thus, the reserve of retinal ganglion cells might be related
to prenatal factors that affect the infant’s birth weight
through intrauterine processes. One potential factor is pre-
natal nutrition. Fetal malnutrition can disturb cellular
growth and differentiation in the central nervous system
in humans and animals.70 A history of inadequate prenatal
nutrition has been associated with a higher risk of optic
nerve hypoplasia in adults.71,72 For example, Garcia-Filion
and associates found a much higher prevalence of low
maternal pregnancy weight gain among offspring with optic
nerve hypoplasia compared with population data (35% vs
3.7%).72 Moreover, Lenzi and associates recently showed
that a flaxseed-based diet (high in protein and lipids) in
the pre- and postnatal period had a favorable influence on
optic nerve development of rats, further supporting the po-
tential role of nutrition in optic nerve development.73
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Another prenatal factor that may influence both birth
weight and retinal ganglion cells is intrauterine exposure
to toxins. Maternal use of recreational drugs, alcohol, or to-
bacco during pregnancy has been associated with an
increased risk of optic nerve hypoplasia in offspring.71

Also, Ashina and colleagues recently found that maternal
smoking during pregnancy was independently associated
with thinner RNFL in school-age children (P < .001).23

In addition, maternal conditions, including preeclampsia
and gestational diabetes, have also been associated with
low birth weight and optic nerve hypoplasia in offspring.71

The impact of these maternal diseases on RNFL thickness
in infants remains unclear. Future studies are needed to
investigate the relationship between these prenatal factors
and RNFL thickness near birth, which may identify risk fac-
tors for suboptimal development of optic nerve and provide
intervention opportunities during pregnancy to improve the
ocular outcome of premature birth.
Perinatal events may also affect early optic nerve devel-

opment in preterm infants. For example, PVL has been
associated with cupping or small optic disc area in affected
patients, possibly depending on the timing of insults,74–77

which suggests that PVL may cause retrograde trans-
synaptic degeneration of retinal ganglion cells.74–77 In
our study, 3 infants had PVL, and they had much thinner
RNFL thickness at 36 weeks PMA (34.9, 42.8, and
53.6 mm) compared with the rest of the cohort (61.8 6
10.3 mm), consistent with this hypothesis.
The temporal RNFL was significantly thicker in prema-

turely born school-age children with a history of more se-
vere versus milder ROP.22,26–28 Although it is unclear
why the thicker temporal RNFL exists, 2 hypotheses
have been proposed. First, a pathologic intrauterine
process related to the development of ROP may induce
temporal RNFL thickening.27 For example, the relatively
vascular-depleted retina during the ROP development
causes overproduction of hormones and growth factors,
which may affect the development or distribution of
RNFL.27 If this hypothesis is correct, the thicker temporal
RNFL should be observed in infants with higher ROP
stages shortly after birth. However, we did not find a posi-
tive correlation between PMB RNFL thickness and ROP
stage before or after adjustment for birth weight
(Figure 4, C and Table 2). Similarly, our previous study,
which included 57 VPT infants (24 infants with ROP stage
3 or 4) also did not reveal a significant relationship between
the ROP stage and RNFL thickness at term-equivalent
age.38 Thus, a second and more plausible hypothesis is
that the treatment for ROP or a later developmental pro-
cess (eg, myopia development) may induce thicker tempo-
ral RNFL in later life.15,22,27,28 For example, previous
studies in school-age children demonstrated that, in addi-
tion to having a thicker temporal RNFL, children with a
history of treated ROP also had a thinner RNFL in the su-
perior and nasal peripapillary quadrants.22,27,28 As Pueyo
and associates proposed, these observations could indicate
49EKS IN PRETERM INFANTS



ganglion cell axon reorganization to preserve macular area
function after axonal injury induced by retinal laser photo-
coagulation.28 An alternative explanation for these obser-
vations was that infants with severe ROP had an increased
risk of developing myopia in later life,78 and myopia might
have induced the distinct RNFL distribution patterns (ie,
thicker temporal RNFL and thinner superior and nasal
RNFL).15 To further understand the impact of ROP and
ROP treatment on RNFL, future prospective longitudinal
studies are needed to monitor RNFL thickness in infants
with severe ROP over time.

Most previous studies in children and adults did not
report RNFL thickness in the PMB but rather in temporal
quadrants. Temporal RNFL thickness in our cohort at
36 weeks PMA (73.2 6 12.9 mm) appeared comparable
with multiple previous reports in children and adults with
a history of prematurity (eg, 73.8 mm in children at approx-
imately 13 years old,31 and 67.7 and 70.6 mm in adults at
56.1 years79).22,23,25,28,29,31,79 Few other studies reported
higher temporal RNFL thickness in children born preterm
(eg, 88.84 mm at 6.88 years).26,27 The variation in RNFL
thickness across different studies might be related to differ-
ences in imaging devices and cohorts (eg, degree of prema-
turity, comorbidities, and treatment). Another contributor
is the change in RNFL thickness that occurs with ocular
growth.32 Future longitudinal studies are required to inves-
tigate the change of RNFL thickness in preterm infants.

� STUDY LIMITATIONS: The present study was not
without limitations. First, the number of infants with
ROP stage >_3 was small in the present study, so we were un-
able to examine the relationship between severe ROP and
RNFL thickness. Second, most our study cohort were EPT
and VPT infants. We do not know if our findings are appli-
cable to infants born after 32 weeks. Third, the infants who
were small for gestational age did not exhibit a significant
difference in RNFL thickness compared with infants who
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were not small for gestational age. This might be related
to the comparable birth weight between the 2 cohorts
(904.86 265.4 g vs 996.56 272.7 g; P ¼ .19) or the small
number of infants who were small for gestational age (n ¼
20). Fourth, although a few previous studies in the adult
population found a significant relationship between demo-
graphic factors and RNFL thickness,33–36 we did not find a
significant difference in RNFL thickness by sex, race, and
ethnicity in our infant cohort. It is possible that these
differences might develop later in life or the sample size
of the present study might not be large enough to detect
a significant difference. Future studies with a large infant
cohort might be needed further to investigate the
relationship between demographic factors and RNFL
thickness. Fifth, the present study was based on cross-
sectional data without longitudinal follow-up. We are
currently collecting RNFL thickness at longitudinal
follow-up visits in this cohort, and we will investigate the
longitudinal change of RNFL thickness in this cohort as
well as infants with PVL in future analyses.
CONCLUSIONS

IN CONCLUSION, BIRTH WEIGHT, RATHER THAN GESTA-

tional age, was a significant independent predictor of
RNFL thickness in preterm infants in our study, which sug-
gested that an intrauterine process that negatively affects
birth weight might reduce the reserve of retinal ganglion
cells. We also demonstrated the excellent intra- and inter-
grader reproducibility of RNFL thickness assessed via
bedside handheld OCT imaging in awake preterm infants.
Despite the high intra- and intereye correlations of RNFL
thickness, RNFL thickness measured by OCT was slightly
but significantly higher in the right eyes than the left eyes,
corresponding with previous findings in children and adults.
A. FUNDING/SUPPORT: C.A.T. WAS SUPPORTED BY GRANTS RO1 EY025009 AND P30 EY005722 FROM THE NATIONAL EYE INSTI-
tute. Its contents are solely the responsibility of the authors and do not necessarily represent the official view of NEI, or NIH. The sponsors or funding
organizations had no role in the design or conduct of this research.

Author Contribution: Liangbo L. Shen: research design, data analysis and/or interpretation, manuscript preparation; Shwetha Mangalesh: research
design, data acquisition, manuscript preparation; Brendan McGeehan: research design, data analysis and/or interpretation, manuscript preparation;
Vincent Tai: research design, data acquisition, manuscript preparation; Neeru Sarin: research design, data acquisition, manuscript preparation; Mays
A. El-Dairi: research design, manuscript preparation. Sharon F. Freedman: manuscript preparation; Maureen G. Maguire: research design, data analysis
and/or interpretation, manuscript preparation; Cynthia A. Toth: research design, data analysis and/or interpretation, manuscript preparation.

b. Financial Disclosures: S.F.F. consultant, Qlaris. M.G.M. research grant, the National Eye Institute. C.A.T. received royalties through her university,
Alcon, and Hemosonics; equity owner, Theia Imaging LLC; and holds unlicensed and pending patent (US 2020/0315447) related to the investigational
device and imaging in this study. The other authors have reported that they have no relationships relevant to the contents of this paper to disclose.

c. The authors would like to thank Katrina P. Winter and Du Tran-Viet (Department of Ophthalmology, Duke University, Durham, North Carolina,
USA) for image segmentation.
REFERENCES

1. Pierrat V, Marchand-Martin L, Arnaud C, et al. Neurodeve-
lopmental outcome at 2 years for preterm children born at 22
to 34 weeks’ gestation in France in 2011: EPIPAGE-2 cohort
study. BMJ 2017;358:j3448.

2. Linsell L, Malouf R, Morris J, Kurinczuk JJ, Marlow N.
Prognostic factors for poor cognitive development in
FEBRUARY 2021OPHTHALMOLOGY

http://refhub.elsevier.com/S0002-9394(20)30480-3/sref1
http://refhub.elsevier.com/S0002-9394(20)30480-3/sref1
http://refhub.elsevier.com/S0002-9394(20)30480-3/sref1
http://refhub.elsevier.com/S0002-9394(20)30480-3/sref1
http://refhub.elsevier.com/S0002-9394(20)30480-3/sref2
http://refhub.elsevier.com/S0002-9394(20)30480-3/sref2


children born very preterm or with very low birth
weight: systematic review. JAMA Pediatr 2015;169:
1162–1172.

3. Hellgren KM, Tornqvist K, Jakobsson PG, et al. Ophthalmo-
logic outcome of extremely preterm infants at 6.5 years of age:
extremely preterm infants in Sweden study (EXPRESS).
JAMA Ophthalmol 2016;134(5):555–562.

4. Fulton AB, Hansen RM, Moskowitz A, Akula JD. The neuro-
vascular retina in retinopathy of prematurity. Prog Retin Eye
Res 2009;28:452–482.

5. Holmstrom G, el Azazi M, Kugelberg U. Ophthalmological
follow up of preterm infants: a population based, prospective
study of visual acuity and strabismus. Br J Ophthalmol 1999;
83(2):143–150.

6. Rudanko SL, Fellman V, Laatikainen L. Visual impairment in
children born prematurely from 1972 through 1989. Ophthal-

mology 2003;110(8):1639–1645.
7. Tuppurainen K, Herrgard E, Martikainen A, Mantyjarvi M.

Ocular findings in prematurely born children at 5 years of
age. Graefes Arch Clin Exp Ophthalmol 1993;231(5):261–266.

8. Dowdeswell HJ, Slater AM, Broomhall J, Tripp J. Visual def-
icits in children born at less than 32 weeks’ gestation with and
without major ocular pathology and cerebral damage. Br J
Ophthalmol 1995;79(5):447–452.

9. Klistorner A, Arvind H, Garrick R, Graham SL, Paine M,
Yiannikas C. Interrelationship of optical coherence tomogra-
phy and multifocal visual-evoked potentials after optic
neuritis. Invest Ophthalmol Vis Sci 2010;51(5):2770–2777.

10. Barboni P, Savini G, Valentino ML, et al. Retinal nerve fiber
layer evaluation by optical coherence tomography in Leber’s
hereditary optic neuropathy. Ophthalmology 2005;112:
120–126.

11. Perucho-Gonzalez L, Martinez de la Casa JM, Saenz-
Frances F, et al. Retinal nerve fiber layer thickness in children
with primary congenital glaucoma measured by spectral
domain optical coherence tomography. J AAPOS 2019;
23(2):94.e1–94.e4.

12. Weinreb RN, Khaw PT. Primary open-angle glaucoma. Lan-
cet 2004;363:1711–1720.

13. Dhami A, Dhasmana R, Nagpal RC. Correlation of retinal
nerve fiber layer thickness and axial length on Fourier domain
optical coherence tomography. J Clin Diagn Res 2016;10(4):
NC15–NC17.

14. Shin HJ, Shin KC, Chung H, Kim HC. Change of retinal
nerve fiber layer thickness in various retinal diseases treated
with multiple intravitreal antivascular endothelial growth
factor. Invest Ophthalmol Vis Sci 2014;55(4):2403–2411.

15. Kang SH, Hong SW, Im SK, Lee SH, Ahn MD. Effect of
myopia on the thickness of the retinal nerve fiber layer
measured by cirrus HD optical coherence tomography. Invest
Ophthalmol Vis Sci 2010;51(8):4075–4083.

16. Khanifar AA, Parlitsis GJ, Ehrlich JR, et al. Retinal nerve fi-
ber layer evaluation inmultiple sclerosis with spectral domain
optical coherence tomography. Clin Ophthalmol 2010;4:
1007–1013.

17. Kwon JY, Yang JH, Han JS, Kim DG. Analysis of the retinal
nerve fiber layer thickness in alzheimer disease and mild
cognitive impairment. Korean J Ophthalmol 2017;31(6):
548–556.
VOL. 222 RNFL THICKNESS AT 36 WE
18. Yu JG, Feng Y-F, Xiang Y, et al. Retinal nerve fiber layer
thickness changes in Parkinson disease: a meta-analysis.
PLoS One 2014;9(1):e85718.

19. Xu W, Kurup SP, Fawzi AA, Durbin MK, Maumenee IH,
Mets MB. Comparative data on SD-OCT for the retinal
nerve fiber layer and retinal macular thickness in a large
cohort with Marfan syndrome. Ophthalmic Genet 2017;
38(1):34–38.

20. El-Fayoumi D, Badr Eldine NM, Esmael AF, Ghalwash D,
SolimanHM. Retinal nerve fiber layer and ganglion cell com-
plex thicknesses are reduced in children with type 1 diabetes
with no evidence of vascular retinopathy. Invest Ophthalmol
Vis Sci 2016;57(13):5355–5360.
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