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Introduction

The retinal nerve fiber layer (RNFL) consists of ganglion cell axons that course as the inner
surface of the neurosensory retina and, after converging as the optic nerve, extend to the
lateral geniculate nucleus of the brain. Spectral-domain optical coherence tomography
(SDOCT) imaging provides in vivo visualization of this central nervous system (CNS) tract
and allows quantification of ganglion cell axonal loss by segmentation. Peripapillary RNFL
measurements were originally used to assess optic nerve axonal integrity in glaucomatous
versus normal adults” eyes!-2 and later adapted to monitor other optic neuropathies.3
Similarly, measuring RNFL thicknesses in children improves diagnosis and monitoring of
optic neuropathies unique to the pediatric population®11 and can identify differences in
CNS tissue between children with a history of preterm versus full-term birth.12-15 While
normative data of RNFL thicknesses exists for school-age children,11:16-24 this data is
lacking during the neonatal period (PubMed Mesh search terms, nerve fiber layer AND
infant), while the immature optic nerves are still growing and undergoing myelination.25-27

Portable hand-held SDOCT allows for bedside cross-sectional assessment of the retina and
optic nerve in non-traditional environments including the nursery.28-31 Our understanding of
perinatal eye development and maturation has improved by comparing posterior segment
microanatomy observed on SDOCT in preterm infants to that of full-term infants imaged in
the nursery and further relating microanatomic abnormalities to ophthalmologic and
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systemic pathology.32-49 In particular, analysis of SDOCT images allows for reproducible
quantification of optic nerve head parameters as an estimate of ganglion cell axonal integrity
in both full-term32 and age-matched preterm infants.33 Retinal nerve fiver layer thickness
has previously been measured in young children with optic pathway gliomas while they
were sedated for magnetic resonance imaging using a hand-held SDOCT system®4! and
demonstrated to be reproducible.®41-43 The present study’s purpose was to reproducibly
quantify RNFL thickness in full-term neonates and thereby to provide normative data for
future analyses.

The current analysis is part of a larger, prospective study of retinal and optic nerve
development that was approved by the Duke University institutional review board and
adheres to the Health Insurance Portability and Accountability Act and all tenets of the
Declaration of Helsinki. All infants were enrolled and imaged from August 2010 through
May 2011 with parent or legal guardian written informed consent. Infants were eligible if
born at or after 37 weeks post-menstrual age (PMA) and before 43 weeks PMA with no
known medical conditions and deemed clinically stable by the pediatric care team to
undergo SDOCT imaging. All infants were imaged following clinical examination, which
included dilated fundus examination using indirect ophthalmoscopy. Spectral domain optical
coherence tomography imaging was performed according to an age-specific protocol
described by Maldonado et al?9 and Cabrera et al.** using a portable, handheld SDOCT
system (either an early research system or the Envisu 2200, Bioptigen, Inc., Research
Triangle Park, NC) approaching the eyes over the forehead of the supine infant.
Demographic information was collected from medical records, including gestational age,
birth weight, gender and parent-reported race.

One eye per infant was randomly selected for inclusion in the study; the fellow eye was
considered for analysis if the primary eye did not have an adequate SDOCT scan for RNFL
analysis. The best vertical SDOCT volume scan that contained the optic disc and macula
was selected for each infant. Criteria considered when selecting the best scan included:
focus, alignment, tilt, and the ability to differentiate retinal layers. Scans were excluded if
there was eye movement that caused skipping or lags between B-scans, inadequate
visualization of the center of the optic disc, or if the axis between the center of the optic
nerve and fovea could not be determined. All SDOCT scans were converted to tagged image
file format, and were registered with ImageJ v 1.43r (National Institute of Health, Bethesda,
MD).

Several custom MATLAB scripts (Mathworks, Inc., Natick, MA) were utilized for
quantitative analysis. Graders were masked to all demographic information other than age at
imaging. The SDOCT images were captured using a handheld device on neonates in the
supine position who could not fixate on a central target. Thus, the organizing axis from the
foveal center to the optic nerve head determined the direction of the image frame. This is an
adaptation of the method described by He et al*> and Chauhan and Burgoyne?6 for
measurements of the optic nerve and peripapillary structures in adults. Two certified
pediatric SDOCT graders (A.L.R. and D. T.-V.) used Duke OCT Retinal Analysis Program
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(DOCTRAP) v 60.2, an automatic segmentation program based on graph theory and
dynamic programming,4’ to mark the center of the optic disc as well as the fovea on each
infant’s pertinent B-scan; if the fovea was not visualized, the midpoint between the superior
and inferior arcades was marked as the axis of the fovea. Graders determined the center of
the optic disc by centering a 2 mm radius annulus on the optic disc using DOCTRAP. A
MATLAB script read the marked coordinates of the center of the optic disc and fovea and
created an organizing axis between the two for each volume. After DOCTRAP segmented
the superior and inferior borders of the RNFL for each volume, graders manually corrected
any segmentation requiring adjustment (Figure 1, left). The two segmentation lines were set
at the same height for any portion of a B-scan that was of too poor quality for segmentation
in order to measure a thickness of zero.

The graphic user interface could then measure the average RNFL thickness at an arc of any
set distance from the optic nerve to the fovea (Figure 2). The program considered only
RNFL thicknesses greater than 5 microns, allowing portions of the arc that were unable to
be segmented to be excluded from the average thickness calculations. The arc only
measured the retina temporal to the optic nerve; nasal retina was not imaged as it is
technically more difficult to image and more time consuming on a non-sedated full-term
newborn. This arc could then be divided into sectors to provide regional average RNFL
thicknesses. The temporal macula was divided into four 45° arcs, considered from superior
to inferior, the superior temporal, temporal superior, temporal inferior, and inferior temporal
sectors (Figure 1, middle). The temporal superior and temporal inferior arcs were also
assessed together as the 90° temporal quadrant. The user could set a minimum threshold of
percent of the arc adequately segmented in order for each quadrant’s thickness to be
calculated if this data availability threshold was met. The minimum threshold for the current
analysis was chosen as 90% segmentation. For example, 90% of an eye’s superior temporal
sector must be segmented in order to calculate the average RNFL thickness within this
sector; infants who have a thickness of 5 microns or less for 11% or more of this sector
would not be included in the analysis. In addition, the average RNFL thickness was
calculated for the papillomacular bundle (PMB), defined as the 30° arc from -15° to +15°
on the axis from the optic nerve to fovea (Figure 2) and also referred to as the 9 o’clock hour
for right eyes and 3 o’clock hour for left eyes.

Adult RNFL analyses typically measure average RNFL thicknesses at a radius of 1.70-1.75
mm from the center of the optic nerve.48 Because the infant eye is still growing and has a
smaller distance from the center of the optic nerve to the fovea,*° the optimal distance for
RNFL measurements in neonates is unknown. The average RNFL thickness at the PMB for
each infant was calculated at arcs with radii of 1.1, 1.3, 1.5, and 1.7 mm from the center of
the optic disc (Figure 1, right). The distributions of these RNFL thicknesses for all infants at
each arc distance were assessed for normality to determine the optimal distance for
subsequent analyses. The mean RNFL thickness at 1.7 mm from the optic nerve center for
each geographic sector was also computed to allow comparisons to the pediatric literature.

Once this distance was determined, the average RNFL thickness along the PMB arc was
compared by sex, race, and eye side as well as analyzed by gestational age and birth weight.
The average RNFL within the superior temporal, temporal superior, temporal inferior,
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inferior temporal sectors as well as the temporal quadrant were then compared by race. Any
infants that were part of a previous study that measured optic nerve parameters observed on
SDOCT had their optic nerve vertical cup-to-disc ratio compared to their average RNFL
thickness measurement.33

Intrauser, interuser, and intravisit reproducibility of average PMB thickness were assessed to
validate this novel method of neonatal RNFL thickness measurement. Intrauser and
intravisit reproducibility were performed by one user (A.L.R.) while interuser
reproducibility was assessed between both users (A.L.R. and D. T.-V.). All reproducibility
segmentation correction and marking of the fovea and optic nerve center was performed
while masked to the prior reading. Intrauser and interuser reproducibility of average RNFL
thickness at the PMB considered 20 randomly selected infants. All infants who had two
separate scans in the same eye of adequate quality for analysis obtained from the same
imaging session were considered for intravisit reproducibility. All reproducibility scans had
optic nerves and foveae remarked and were resegmented with new segmentation correction
performed.

Statistical analysis was performed using JMP Pro v 11 (SAS Institute Inc., Cary, NC). P-
values were considered statistically significant if less than 0.05. Normality of average RNFL
distributions in the full-term cohort was assessed by Shapiro-Wilk W tests where a P<0.05
rejects the null hypothesis that the distribution is normal. The difference in mean RNFL
thickness at the PMB at different distances from the optic nerve center was assessed with an
analysis of variance test. The relationships between average RNFL thickness along the PMB
arc and sex were assessed by a two-tailed t-test while average RNFL thickness along the
PMB arc was compared between races by a Kruskal-Wallis test. The average RNFL within
the superior temporal, temporal superior, temporal inferior, inferior temporal sectors as well
as the temporal quadrant were compared by race with the Kruskal-Wallis test and then
between racial groups by the Tukey-Kramer method. Bonferroni correction for comparisons
of RNFL thickness by fundus sector between races required a P-value less than 0.01 to
demonstrate statistical significance. Additionally, the relationship between average RNFL
thickness along the PMB arc and GA and birth weight were assessed by linear regression.
The relationship between optic nerve vertical cup diameter, vertical disc diameter, and
vertical cup-to-disc and average RNFL thickness along the PMB arc was assessed by linear
regression using previously described full-term optic nerve parameters.32 Intrauser,
interuser, and intravisit reproducibility of average RNFL thickness at the PMB were
summarized by the intraclass correlation coefficient (ICC).

Demographics

A total of 57 full-term infants were enrolled in the study with one infant withdrawn prior to
SDOCT imaging. Of the 56 full-term infants who underwent SDOCT imaging, 50 full-term
infants had at least one adequate SDOCT for RNFL analysis. A total of 45 of the full-term
infants included in the current study had their optic nerve parameters, but not their RNFL,
measured in a previous report.33 The mean + standard deviation (SD) gestational age and
birth weight of all infants was 39.2 + 1.1 weeks PMA and 3356 + 458 g, respectively. The
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cohort included 22 (44%) males. There were 12 (24%) Black, 20 (40%) Hispanic, and 18
(36%) White full-term infants.

Distance from Optic Nerve for Retinal Nerve Fiber Layer Measurements

All 50 full-term infants had 100% of their RNFL segmented at a distance of 1.5 and 1.7 mm
from the center of the optic nerve; while two infants did not have at least 90% of their
respective RNFL segmented at the PMB, one with inadequate segmentation at a distance of
1.1 mm and the other at 1.3 mm from the center of the optic nerve, the remaining 49 infants
had 100% of their RNFLs measured at these arc distances. The mean = SD average (P-value
for Shapiro-Wilk W test of normality) RNFL thicknesses for all full-term infants assessed at
1.1,1.3, 1.5, and 1.7 mm distances from the center of the optic nerve at the PMB were 88 +
17 pm (P=0.11), 80 £ 17 um (P=0.22), 72 = 13 ym (P=0.60), and 64 + 12 uym (P=0.34),
respectively (Figure 3). The mean RNFL at the PMB decreased significantly when measured
further away from the optic nerve (P<0.001). All subsequent analyses involve thicknesses
measured along the PMB arc at a distance of 1.5 mm from the center of the optic nerve
because this distance had the most normally distributed average RNFL thicknesses and the
literature suggests that a distance of 1.5 mm from the center of the optic nerve in newborns
is proportional to the 1.7 mm distance considered for adults.48-50

Average Sectoral Retinal Nerve Fiber Layer Thicknesses

The mean * SD average RNFL thicknesses for all full-term infants assessed at a distance of
1.5 mm from the optic nerve center along the PMB, superior temporal, temporal superior,
temporal inferior, inferior temporal, and temporal sectors were 72 + 13 ym, 117 + 28 ym, 81
+ 20 um, 85 + 20 pm, 118 £ 29 um, and 83 £ 16 um, respectively. There was no significant
difference in average RNFL thickness along the PMB arc at 1.5 mm from the center of the
optic nerve between males (69 + 14 um) and females (73 £ 13 um, P=0.31) or between
Black (74 £ 15 um), Hispanics (74 £ 13 um, P=0.16), and White (67 £ 11 um) infants.
Additionally, there was no relationship between average RNFL thickness along the PMB arc
at 1.5 mm distance and GA (R2<0.01, P=0.70) or birth weight (R2=0.01, P=0.46) in this full-
term cohort. There was a trend towards greater average superior temporal RNFL thickness
for Blacks (128 = 27 um, P=0.04) as well as Hispanics (124 + 30 pm, P=0.04) compared to
White infants (100 = 19 pm); there was no difference in the average RNFL thicknesses for
the temporal superior, temporal inferior, and inferior temporal sectors or the temporal
quadrant when comparing races (Table 1). There was no relationship between average
RNFL thickness along the PMB arc at a distance of 1.5 mm and optic nerve vertical cup
diameter (R%<0.01, P=0.53), vertical disc diameter (R2=0.02, P=0.32), or vertical cup-to-
disc ratio (R?=0.04, P=0.22) in this healthy full-term cohort.

Reproducibility
Intergrader and intragrader ICC (95% confidence interval) were 0.89 (0.75-0.95) and 0.94
(0.85-0.97), respectively for average RNFL thickness measured at 1.5 mm distance from the
center of the optic nerve along the PMB for 20 randomly selected SDOCT scans. Intravisit
ICC (95% confidence interval) was 0.76 (0.37-0.92) for 12 infants who had two adequate
SDOCT scans at the time of imaging.
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Discussion

To our knowledge, this is the first report of average sectoral RNFL thickness measurements
in healthy, full-term infants. We propose that neonatal RNFL thickness should be assessed at
a radial distance of 1.5 mm from the center of the optic disc. There was a trend towards
thicker superior temporal sector of RNFL for Black and Hispanic versus White infants;
however, there were no other significant racial variations identified in this sample. We found
no significant variation in average RNFL thicknesses along the PMB arc by any
demographic parameters; nor did we identify any significant relationship between average
sectoral RNFL thickness and optic nerve vertical cup diameter, vertical disc diameter, or
vertical cup-to-disc ratio in eyes of healthy, full-term newborns. This report will hopefully
provide useful data to serve as a normative dataset for future RNFL analyses during the
neonatal period aimed at detecting and/or monitoring neonatal eye pathology.

Because the infant cannot cooperate to fixate for the examination, an important method in
our analysis was to utilize capture of volume scans that included optic nerve and fovea.
Although all imaging was captured from over the forehead of the infant, by utilizing the axis
between the fovea and the center of the optic nerve as an orienting axis for all
measurements, we were able to analyze images taken at slightly different rotation and
without requiring fixation on a set target. This method of orientation relates to the work of
He et al*®> and Chauhan and Burgoyne6 who have demonstrated the utility of the fovea to
Bruch’s membrane opening axis to standardize optic nerve rim and RNFL measurements in
adult patients.

Because the eye’s dimensions change with growth during infancy, we suggest that the
traditional distance of 1.7 mm arc radius from the center of the optic disc at which the RNFL
is measured is not appropriate for neonates. Schuman et al.#8 initially evaluated the
reproducibility of circumpapillary RNFL measurements in adult eyes at radii of 1.45, 1.7,
and 2.25 mm from the center of the optic nerve head. They found better reproducibility at
the 1.7 mm radius than the 1.45 mm radius as the smaller annulus may overlap with the
optic nerve head. They also argued that the 2.25 mm radius circle would not be as sensitive
as the 1.7 mm radius at detecting subtle RNFL differences because 2.25 mm is relatively
distant from the optic nerve head. Thus, RNFL thickness is traditionally assessed at a
distance of 1.70-1.75 mm radius from the center of the optic disc, regardless of age.
However, De Silva et al.#® measured the distance from the center of the optic nerve and
fovea in 51 infants at 32 to 50 weeks PMA using digital fundus photography and found a
mean distance of 4.4 mm. Williams and Wilkinson®® measured a mean distance of 4.9 mm
between these two anatomic landmarks in adults. These studies suggest the proportional age-
adjusted annulus distance to measure RNFL thicknesses is a 1.53 mm radius from the optic
disc center. Furthermore, as shown previously on histology study of postmortem adult eyes,
we found that the RNFL in newborns is significantly thicker when measured closer to the
optic nerve.® The current study further validates 1.5 mm as the appropriate radius as it had
a more normal distribution than the average RNFL thicknesses measured along the PMB at
distances of 1.1, 1.3, and 1.7 mm from the center of the optic nerve in our healthy newborn
cohort.
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Previous studies of optic nerve development suggest large changes in posterior segment
neural tissue both during gestation and early life. The RNFL is the anterior manifestation of
the optic nerve axons within the neurosensory retina and its thickness may vary according to
the degree of nerve maturation and myelination. Provis et al.2> observed a peak of 3.7
million axons in the optic nerve at 16-17 weeks PMA and noted this count decreases by
approximately 70% prior to term birth. While approximately 75% of optic nerve growth
occurs in utero, the optic nerves are largely unmyelinated at birth, with complete
myelination occurring by 2 years of age.26:27 The optics of the eye rapidly change over this
time window. In particular, the axial length, which increases approximately 7 mm from
infancy through adulthood,52 can influence measured RNFL thicknesses.>3:54 Thus, the
neonatal RNFL has unique characteristics that may be properly described only by its own
normative dataset.

Several studies have utilized SDOCT to analyze both optic nerve parameters and RNFL
measurements by race in the pediatric population. Allingham et al.32 reported a trend toward
smaller cup-to-disc ratio in White full-term infants vs. Black (P=0.07) but not Hispanic
infants (P=0.29). Tong et al.33 found that, when considering only full-term infants, the
vertical disc diameter was smaller for White than Black (P=0.02) and Hispanic infants
(P=0.001). They also noted, when considering both preterm and term infants, a difference in
cup depth (P=0.01) among races. Although the cup-to-disc ratio is reported as larger for
Black infants,32 the temporal RNFL was generally comparable by race in the current study,
possibly because the entire superior and inferior quadrants could not be measured in this
study.

Comparisons to previously published pediatric normative data are only appropriate for
reports that similarly examined temporal retina with the caveat that they were measured on
older children at 1.7 mm from the center of the optic nerve head (Table 2). Nearly all the
previous studies report temporal quadrant RNFL thicknesses that are thinner than the current
study at 1.5 mm and comparable at 1.7 mm distance from the optic nerve center. Superior
temporal and inferior temporal appear thinner in the current study, regardless of the radial
distance from the optic nerve center. The general trend towards greater RNFL thickness in
this study compared to the pediatric literature may be explained by changes in the eye optics
or true change in the thickness of the RNFL that occurs with ocular growth. Additional
longitudinal data would be helpful to further elucidate the mechanism of possible changes in
RNFL thickness over time.

The current study, which found a trend towards thicker RNFL for Black and Hispanic
infants than for White infants in the superior temporal sector but no difference in PMB or
temporal RNFL thicknesses by race, is consistent with the OCT-measured RNFL literature
in older children. For example, El-Dairi et al.18 measured RNFL thickness with the OCT-3
(Carl Zeiss Meditec, Dublin, CA) in 286 children aged 3-17 years old and examined RNFL
thicknesses by race and quadrants. They found the superior quadrant and total average
RNFL thickness greater for both all Black versus White children (P<0.001 for both) as well
as within the subset of the 64 youngest children in their study, imaged at ages 3-6 years old
(P=0.001 for the superior quadrant and P=0.01 for total average RNFL). As in the current
study, they also reported no racial differences in the average temporal RNFL thicknesses.
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Our findings should be considered in light of several limitations. Because of the relatively
small overall sample size, there were very few infants within each respective racial group.
While all scans with noticeable jumps or lags were excluded, there may have been minor
inconsistencies in scan acquisition that were unnoticed by graders and misrepresent the
distance from the optic disc for some RNFL measurements. There may be variability related
to scan tilt or blood vessel-related distortion of RNFL thickness measurements. The
organizing axis for RNFL measurements was estimated based on the retinal arcades if the
fovea was not visualized on the scan. Additionally, lateral measurements taken across each
B-scan rely on an age-adjusted axial length model described by Maldonado et al.2
Furthermore only the temporal retina was evaluated since the scans were captured to
optimize visualization of the macula, and nasal imaging of the retina is technically difficult
and time consuming in a non-sedated neonate. Thus literature comparison of current RNFL
thickness measurements are only appropriate for this temporal quadrant.

We have reproducibly extracted the average temporal sectoral RNFL thickness
measurements of healthy, full-term infants from SDOCT scans obtained in the first days
after birth. This dataset may serve as normative information when assessing average RNFL
thickness in premature infants as well as young children with pathology that causes optic
atrophy such as primary congenital glaucoma or optic pathway gliomas and other tumors.
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Figure 1. Retinal Nerve Fiber Layer Segmentation and Average Sectoral Thickness
Measurements

Left, Spectral domain optical coherence tomography (SDOCT) B-scan cross-sectional
image from the macula of a healthy Hispanic male born and imaged at 39 weeks post-
menstrual age. Inner (blue) and outer (pink) boundaries of the retinal nerve fiber layer
(RNFL) are segmented, or outlined, utilizing a custom MATLAB script (Mathworks, Inc.,
Natick, MA). Middle, summed voxel projection derived from SDOCT scan of the same full-
term infant. Temporal retina is divided into four 45° sectors, considered, from superior to
inferior, the superior temporal, temporal superior, temporal inferior, and inferior temporal
retina. Mean RNFL thicknesses can be calculated over each sector of segmented SDOCT
scan. Note that the temporal superior and temporal inferior sectors may be assessed together
as the 90° temporal quadrant. Right, three-dimensional retinal surface rendering map of the
same healthy, full-term infant derived from SDOCT scan using ImageJ (National Institute of
Health, Bethesda, MD). The organizing axis originates from the center of the optic nerve
and travels through the fovea. The mean RNFL thickness was measured at distances of 1.1,
1.3, 1.5, and 1.7 mm from the center of the optic nerve, represented by the concentric color
arcs.
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Figure 2. Retinal Nerve Layer Thickness Maps
Retinal nerve fiber layer (RNFL) thickness maps derived from segmented spectral domain

optical coherence tomography scans of three full-term, healthy infants. The organizing axis
originates from the center of the optic nerve and travels through the fovea. The magenta arc
denotes the papillomacular bundle, defined as the 30° arc from —15° to +15° on the axis
from the optic nerve to fovea and also referred to as the 9 o’clock hour for right eyes and 3
o’clock hour for left eyes. Left, RNFL thickness map of a Black female born and imaged at
40 weeks post-menstrual age. Middle, RNFL thickness map of a White male born and
imaged at 40 weeks post-menstrual age. Right, RNFL thickness map of a Hispanic female
born and imaged at 38 weeks post-menstrual age.
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Figure 3. Average Retinal Nerve Fiber Layer Thickness Varies by Radial Distance from the
Optic Nerve

Distributions of the average retinal nerve fiber layer thicknesses (RNFL) by arc distance
from the center of the optic nerve. All arcs were measured along the papillomacular bundle
(PMB), defined as the 30° arc from —-15° to +15° on the axis from the optic nerve through
the fovea. Note that the distributions at 1.1 and 1.3 mm distance contain 49 full-term infants
while the distributions at 1.5 and 1.7 mm distance contain all 50 full-term infants. The black
box and whisker plots represent the minimum, 25%, median, 75%, and maximum RNFL
thickness measured at each distance. The wider gray line represents the overall mean RNFL
for each distance along the PMB. The Shapiro-Wilk W test of normality P-values at 1.1, 1.3,
1.5, and 1.7 mm radial distances were 0.11, 0.22, 0.60, and 0.34, respectively. Analysis of
variance demonstrated an inverse relationship between average RNFL thickness along the
PMB and radial distance from the center of the optic nerve (P<0.001).
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