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Preterm infant retinal OCT
markers of perinatal health and
retinopathy of prematurity

Shwetha Mangalesh and Cynthia A. Toth*

Department of Ophthalmology, Duke University School of Medicine, Durham, NC, United States

The increasing survival of preterm infants has led to the importance of improving
long-term outcomes associated with preterm birth. Antenatal and perinatal insults
not only impact mortality, but also long-term disability. While in the intensive care
nursery, preterm infants are also exposed to various stressors that lead to long-
term cognitive deficits. It is therefore critical to identify early, low-stress, non-
invasive biomarkers for preterm infant health. Optical coherence tomography
(OCT) is a powerful imaging modality that has recently been adapted to the
infant population and provides noninvasive, high-resolution, cross-sectional
imaging of the infant eye at the bedside with low stress relative to conventional
examination. In this review we delve into discussing the associations between
preterm systemic health factors and OCT-based retinal findings and their
potential contribution to the development of non-invasive biomarkers for infant
health and for retinopathy of prematurity (ROP).
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Introduction

Optical coherence tomography (OCT) imaging has been the standard of care for the
diagnosis and management of retinal diseases in adults and children. It provides a high-
resolution, cross-sectional view of the retina useful in clinical decision-making. OCT
imaging with the tabletop systems was historically limited to adults and school-aged
children who could cooperate with the upright chin-rest apparatus. Imaging infants
however, was challenging with the tabletop systems owing to the non-compliant design of
the system and the inability of the infants to fixate as well as adults (1, 2). Handheld
OCT systems have been developed to address this challenge (3). The application of
handheld OCT in infants at the bedside has revolutionized our understanding of infant
retina by enabling visualization of both the retinal structure and vasculature. We first
described the use of handheld OCT to image infants with injury or disease, e.g., shaken
baby syndrome (3) and retinopathy of prematurity (ROP) during examination under
anesthesia and then at the bedside in the intensive care nursery (ICN) (4, 5). Our
application of investigational handheld OCT in infant research in 2008 yielded images
and new insights into the microanatomy of the developing retina and choroid (6-8) and
especially of the infant fovea and led to a commercial system that became available in
2012 (Envisu 2300, Bioptigen/Leica, Morrisville, NC). This information was not available
from conventional clinical examination and included the discovery of unexpected findings
in preterm infant eyes including macular edema (9-11), and evidence of diseased
vasculature (12), retinal schisis and extent of retinal detachment from ROP (4) and its
effects on the developing retina and choroid (13-16). This led to studies by multiple
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groups into the rapidly changing microanatomy of the preterm
infant and neonatal retina after birth and through early years of
life as was summarized in recent reviews (17, 18).

We have shown that the wealth of microanatomic information
in OCT images of the rapidly developing preterm infant retina is
informative of the progression of ROP, retinal and systemic
disease and of infant functional and neurodevelopmental outcomes
(19-22). Given the implication of preterm birth on long-term
neurodevelopmental outcomes, it may be useful to find early
biomarkers to predict these outcomes. Preterm infants are also
exposed to a myriad of early-life stressors while in the ICN, such
as excessive light, eye examination or retinal photographs, and
blood draws, and exposure to stress in this period is associated
with poorer neurodevelopment (23-25). Hence, a non-stressful,
non-invasive clinical tool that could be utilized to assess retinal
neurovasculature for ROP and which may also reflect systemic and
neurological health and monitor development and treatment
responses was developed to address this critical need.

While multiple studies have explored the association between
infant retina on OCT and ROP (10, 15, 26, 27), we have
investigated the relationship between antenatal and perinatal
systemic health on the infant retina in sick and healthy term and
preterm infants and young children, from 2008 to present, under
multiple IRB-approved protocols, and with parent or guardian
consent. This has included novel findings in infants with hypoxic
ischemic encephalopathy, neonatal hemochromatosis, and infants
and young children with retinoblastoma and inherited diseases
(9, 22, 28, 29). Our Study of Eye Imaging in Preterm Infants
(BabySTEPS; ClinicalTrials.gov: NCT02887157) is a prospective,
longitudinal study initiated in 2016 to evaluate normal and
abnormal microanatomic features of the developing retina using
bedside handheld OCT in very preterm infants at risk for ROP
(15). We designed BabySTEPS to address the limitations of
previous OCT imaging studies in preterm infants that have not
sought to generate serial images within specified time windows
(Figure 1) or to measure the sub-layer thicknesses of the
developing infant retina (15). Our goal for this review, is to
discuss and highlight the method of OCT imaging in the
nursery, retinal findings associated with systemic and retinal
disease and with ROP, and the potential for these to lead to the
development of non-invasive biomarkers for infant systemic and
ocular health including ROP.

10.3389/fped.2023.1238193

Handheld OCT imaging in the ICN

Most OCT imaging in the ICN has been performed using
handheld, non-contact OCT systems due to the portability
and flexibility provided by these systems for infant imaging
at the bedside. There is currently one commercially available
spectral domain (SD) non-contact OCT system (Envisu
2300, Leica Microsystems). Several groups including ours
(SS) OCT
systems for bedside imaging in infant research (Figure 2)
(30-32). These investigational SSOCT devices are 3-30
times faster than the commercial SDOCT system (17). The

higher speed of image acquisition with the SSOCT system

have developed investigational swept-source

facilitates imaging in infants where stable fixation is a
challenge. Currently, OCT imaging is not being used for
ROP The handheld
SDOCT system when available is utilized at the discretion

routine screening. commercial
of the pediatric ophthalmologist or the pediatric retina
The

investigational SSOCT systems are being used only for

specialist for clinical decision making.
research studies.

When imaging with non-contact OCT systems, infants are
swaddled and the eyelids are held open gently with the
imager’s fingertips for imaging. An eyelid speculum is not
utilized since OCT does not use a bright visible light (5, 33).
Clinically stable infants are positioned horizontally across the
bed for ease of access, however with handheld OCT, infants
can be imaged without altering their position (23). Handheld
OCT systems also allow imaging when the infants are on
continuous positive airway pressure (CPAP) without the
removal of the mask (23). OCT does not require pupil
dilation, however, dilation facilitates peripheral retinal imaging
(23). Pacifiers and sucrose are commonly used at the bedside
to calm a restless infant. Handheld OCT has the benefit of
being less stressful when compared to an eye exam with the
indirect ophthalmoscope in preterm infants, in part due to the
infrared illumination rather than bright visible light for
imaging (23). While OCT imaging has been shown to be less
stressful than the standard-of-care eye examination, imagers
typically monitor the heart rate and oxygen saturation during
OCT and either pause or stop imaging if a stressful event
ensues (23).

34 weeks PMA

35 weeks PMA

FIGURE 1

(PMA) to 38 weeks PMA from the left eye of the same infant.

36 weeks PMA

Representative handheld optical coherence tomography (OCT) serial images at the fovea (yellow star) acquired weekly from 34 weeks postmenstrual age

37 weeks PMA 38 weeks PMA
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FIGURE 2

model eye.

Handheld optical coherence tomography (OCT) imaging using (left) swept source investigational high-speed, non-contact OCT system in the intensive
care nursery to image a preterm infant at the bedside. The screens are mirroring and show left-to-right: the three dimensional OCT volume, the selected
cross-sectional OCT B-scan from the volume, and the en face retinal view of the scan (in which retinal vessels appear as dark lines), (Right) spectral
domain commercial non-contact OCT system (Envisu 2300, Leica Microsystems) with inset showing the handheld probe being used to image a

Using retinal layers on OCT to address
disease process

On OCT images, the neurosensory retina can be divided into
inner and outer layers with subdivisions described from vitreous
surface to the retinal pigment epithelium: the inner composed of
the internal limiting membrane (ILM), retinal nerve fiber layer
(RNFL), ganglion cell layer (GCL), inner plexiform layer (IPL)
and inner nuclear layer (INL), and the outer composed
predominantly of photoreceptor elements within the outer
plexiform layer (OPL), Henle’s fiber layer at the fovea, outer
(ONL),
ellipsoid zone (EZ) and interdigitation zone (IZ) (6). Next is the

nuclear layer external limiting membrane (ELM),
retinal pigment epithelium (RPE) beneath which lies the choroid
and sclera. While measurement calipers are available on most
commercial OCT systems, we have developed a semiautomatic
segmentation process for retinal layers to extract the desired
retinal layer thickness customized for infants called the Duke
OCT Retinal Analysis Program Marking Code (DOCTRAP)
developed in MATLAB (Mathworks., Inc., Natick, MA)
(Figure 3) (15, 34). In this review, we have included the
following retinal thickness: inner retina- combined RNFL, GCL
and IPL thickness, macular edema- best described quantitatively
by the INL thickness, outer retina including the photoreceptors-
from the OPL to the inner border of RPE, choroidal thickness-
from the Bruch’s membrane to the inner border of the
choroidal-scleral junction and peripapillary RNFL thickness-
measured at a radial distance of 1.5 mm from the center of the
optic nerve in the pappilomacular bundle. We describe the
findings in these layers relative to preterm infant systemic and
ocular health and severity of ROP.

Normative data for each retinal layer and the peripapillary
RNFL have been reported for infants and children in several
studies (18, 35-39). In infants, the development of retinal layers
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is a complex, non-linear process that has been shown to continue
after the age of 5 years and into adolescence (18). It is therefore,
important to consider the age of the infant while generating
We have
reported good intergrader and intragrader reproducibility for

thickness measurements throughout early life (5).

both retinal and choroidal layer thicknesses across various age
groups (15, 20, 40-42). Factor such as image quality, image tilt,
variable retinal layer reflectance, imager stability for handheld
OCT systems and subject body position (upright or supine)
impact reproducibility across OCT systems (5, 43). To address
these concerns, we evaluated the repeatability and reproducibility
of handheld OCT systems compared to a tabletop system in
heathy adult volunteers and reported a variation less than 3.5%
for the retinal thickness at the fovea and variation less than 8.5%
for peripapillary RNFL measurements for all systems (43).
Infants and children may have more variability in OCT
measurements due to the limitations in the ability to fixate and
variable axial length through different stages of development (43).

Fovea, inner retinal layers and
pre-retinal tissue

Based on the prior OCT and histology studies in preterm
infants, the inner retinal layer thickness at the foveal center
decreases from the time of birth, and notable change occurs
between 31 weeks to 42 weeks postmenstrual age (PMA) (6, 7,
13, 44). The process of normal and abnormal foveal development
has been discussed in detail by He et al. (17). The crucial steps
in the development of the fovea include- the formation of the
foveal pit and the displacement of the inner retinal layers from
the central fovea (6, 15, 17, 44). In BabySTEPS, at the 36 weeks
PMA cross-sectional time point, we reported an association
between thicker inner retina and lower gestational ages and lower
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FIGURE 3

(orange). Reproduced with permission from Mangalesh et al.

Representative foveal B-scans from macular volumes from swept-source OCT systems in infants with (A,B,C) no macular edema and (D,E,F) with macular
edema. (B,C,E,F) Duke OCT Retinal Analysis Program Marking Code Baby version 2.0 semiautomated segmentation at the internal limiting membrane
(white), outer borders of the nerve fiber layer (magenta), inner plexiform layer (aqua), inner nuclear layer (yellow), outer plexiform layer (green),
ellipsoid zone (blue; not visualized in (C) and tapering at the foveal margin in (F)), retinal pigment epithelium (inner, purple; outer, pink), and choroid

birth weight (15). We further evaluated the factors affecting the
inner retinal development (at the fovea) over the period of 30
weeks PMA and 42 weeks PMA and found that gestational age
was the most critical factor affecting the inner retinal thickness at
the fovea (Figure 4) (15). Extremely preterm infants are born
with a thicker fovea and while the inner retinal thickness at the
foveal center decreases due to physiological centrifugal migration
of the inner retina in most infants, this process is arrested in
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extremely preterm infants (<28 weeks gestational age) (15).
Histological studies by Hendrickson et al. (44), have shown that
the foveal depression emerges between 24 and 26 weeks
gestational ages indicating that majority of the inner retinal
differentiation occurs before birth. In preterm infants, parturition
precedes this differentiation thereby arresting foveal development (15).

The association between gestational age and ROP is well-
known, hence it was not surprising to find that the inner retinal
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FIGURE 4
Extreme prematurity is associated with shallower foveal pits caused by thickening at the foveal center. (A) Example foveal OCT images from different
infants born at a range of gestational ages (GA; columns) imaged across a range of PMA (rows). Inset numbers are the P/F ratio for the corresponding
image. (B) Summary of the average maximum P/F observed per eye by GA. (C) Summary of average P/F across PMAs, excluding images with INL
thickening. The study population was divided into GA quartiles for visualization. P/F is lower and increases less with PMA in more premature infants.
(D) The neuroretina is thicker at the foveal center in more premature infants, and does not thin with increasing PMA. (E) Parafoveal neuroretinal
thickness increases with PMA but is not affected by GA. Data displayed in this figure exclude images with INL thickening. P-values represent the
results of linear mixed model analysis with gestational age treated as a continuous variable. Adapted from O’Sullivan et al.

layer thickness at the fovea increased with higher ROP stages
(stages 0-2) at 36 weeks. We however, did not find an
association with plus disease at 36 weeks. This lack of association
may have been due to fewer infants at 36 weeks with plus disease

Frontiers in Pediatrics 05

and more severe ROP (stage 3) at the time of OCT imaging (15).
In an observational study, Vogel et al. longitudinally followed
infants who underwent treatment for ROP and reported that eyes
treated for ROP with laser photocoagulation were less likely to
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have all inner retinal layers present at the fovea when compared to
those treated with intravitreal bevacizumab (13). While the
O’Sullivan et al. study showed that foveal differentiation is
potentially arrested at birth and changes little postnatally (15),
this difference in the inner retinal thickness at the fovea after
treatment for ROP may be attributed to the difference in
vascular endothelial growth factor (VEGF) expression between
anti-VEGF therapies like bevacizumab vs. laser photocoagulation
(13).

In addition to classic findings of immature foveal development,
OCT provides unique perspectives of the developing retinal
structures, vasculature and extraretinal neovascularization
corresponding to the clinical stages of ROP (12, 45-47). Some
distinct findings associated with ROP stages include thickening of
the inner retina at the vascular-avascular junction, presence of
neovascular buds arising from the inner retinal surface and
preretinal neovascularization at and behind the vascular-avascular
junction along with elevation and splitting of the inner retinal
layers in higher stages of ROP (45, 47). Identification of ROP
specific disease findings coupled with the ability to measure
extraretinal neovascular disease activity has enabled more
research in the regression and reactivation of ROP (48). In
infants with plus disease, the tortuous retinal vessels both bulge
out of the inner retinal surface and also deform the adjacent and
underlying retina (12, 49). Hyperreflective spots or bands may
occur within the vitreous and retina that reflect vitreous
organization with traction, exudates or inflammation in higher
ROP stages (50).

Other diseases such as albinism impact foveal development and
visual function. In one of the earliest uses of research handheld
OCT, we identified the absence of the foveal pit and persistence
of inner layers in young children such as with albinism or
Hermansky-Pudlak syndrome (51). Inner retina also has loss of
neural tissue associated with focal ischemia due to transient
retinal vascular impairment in infancy and mosaicism such as in
incontinentia pigmenti, familial exudative vitreoretinopathy
(FEVR) may also cause widespread thinning of the retina evident
with the loss the foveal pit. Similar to ROP, fronds of preretinal
neovascularization at and behind the vascular-avascular junction

can be visualized on OCT in infants with FEVR.

Significance

From OCT imaging at the bedside, and the ability to follow the
process of foveal development over time, we have learnt that
gestational age plays a crucial role in the process of foveal
development. Extremely preterm infants are vulnerable and
affected by other systemic health conditions (52) that could also
independently contribute to alterations in the inner retina both
during the intrauterine period and postnatally. From the studies
thus far, we have learnt that severe prematurity interrupt inner
retina development however, we are unsure if this may be a
consequence of prematurity alone, presence and severity of ROP,
systemic health or a combined effect of all these factors. Since
preterm birth is associated with various ocular and systemic
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diseases, and the long term survival outcomes including vision is
an important concern, it is pertinent to explore the association
between systemic health factors especially those implicated with
preterm birth such as bronchopulmonary dysplasia or
necrotizing enterocolitis with the inner retina to understand if
reflected in the

Furthermore, OCT imaging in ROP and other pediatric diseases

ongoing systemic injury is inner retina.
presents unique findings that may be utilized to determine visual
prognosis and response to treatment in infants and children.

Macular edema

Macular edema in preterm infants was first identified on OCT
with an incidence estimated to be between 19% and 79% depending
on the population (10, 15, 53, 54). Macular edema on OCT appear
as hyporeflective spaces typically found in the fovea and parafoveal
region, bilateral, symmetric, isolated to the inner nuclear layer and
often causes bulging and disrupt the foveal contour (Figure 3) (10).
While the onset and duration of macular edema remains unknown,
it has been detected as early as 30 weeks PMA (55). Unlike adult
macular edema which is primarily pathological, the etiology of
macular edema in preterm infants is still unclear. We observed
late macular leakage in some infants with moderate to severe
edema which led us to speculate that macular edema may
represent immature foveal vascular development and/or a delayed
(56).
hypothesized that edema in infants may be due the immaturity
of the ELM which forms a part of the blood retinal barrier,
however they did not find a difference with either presence or

formation of the blood-retinal barrier Anwar et al

absence of ELM between infants with and without edema (57).
Another possible hypothesis is the swelling of Miiller cells due to
increased acronym expanded in the previous section. VEGF (10,
26, 57, 58) however, the association between edema and ROP
severity remains controversial. Although, the etiology of edema is
still unknown, we have reported an association between poor
neurodevelopmental outcomes and the presence of edema (19).
In 53 preterm infants with macular edema who underwent
neurodevelopmental testing with Bayley Scales at 2 years, we
found that presence of macular edema was associated with poor
language and motor skills (19). We are currently further
evaluating this association between macular edema and
neurodevelopmental outcomes in the larger BabySTEPS trial.
Other etiologies proposed include mechanical traction since
macular edema was associated with the presence of vitreous
strands (50) and supported by our finding of optic nerve head
deformation likely caused by vitreous traction in FEVR (59). The
association between macular edema and ROP severity is still
being debated, due to reports of onset and resolution of macular
edema both before and after treatment for ROP (10, 11, 15, 53,
60). Erol et al. from Turkey reported an association between
macular edema and higher ROP stages (26) and Vinekar et al.
reported the presence of macular edema with stage 2 ROP in
Asian Indian infants (11, 58). In BabySTEPS, presence of edema
did not reach statistical significance when compared to ROP
stage or plus disease, however the inner nuclear layer (the layer
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in which the edema forms) was found to be thicker with higher
stages of ROP (15). The association between macular edema and
ROP treatment has also been inconclusive thus far possibly due
to the heterogeneity of the populations (13, 26). We looked for
macular edema in term-born infants, and in striking contrast to
preterm infants, found traces of edema only very rarely, except in
infants with systemic disease. There are two different kinds of
edema seen in sick term infants: diffuse parafoveal edema
without foveal contour disruption in infants with hypoxic
ischemic encephalopathy (22), and the dramatic thickening of
the retina centrally, similar to severe edema in preterm infants,
in a child with liver failure due to neonatal hemochromatosis—
whose edema resolved after liver transplant (9).

Significance

Macular edema is prevalent in the preterm infant population
and the impact of edema on preterm infants is yet to be
determined. Exploring the associations with systemic diseases
and re-evaluating the association between macular edema and
neurodevelopmental outcomes has only started and may shed
light on whether macular edema is a reflection of ongoing
systemic or neurological disease process or simply a physiological
consequence of preterm birth.

Outer retina, photoreceptors and
retinal detachment

The outer retina, which includes the OPL, ONL and remaining
photoreceptor layers to the retinal pigment epithelium, increases in
retinal thickness over time at the fovea in preterm infants. This
increase is attributed predominantly to the process of elongation
of photoreceptor outer segments, though cone packing also
contributes to the thickness (6, 7, 61). Preterm infants have a
more immature outer retina when compared to term infants
(62). The EZ band, a hallmark of photoreceptor development
was not visible in preterm infants at 36 weeks PMA (15) and
appeared at around 40-42 weeks PMA (62). In BabySTEPS, we
showed that severity of prematurity has an impact on the outer
retinal development at the fovea (15), and Akula et al. found that
severity of ROP impacted both outer retinal development and
visual acuity (61). Vogel et al. showed that infants who were
treated with laser photocoagulation for ROP were less likely to
have the EZ band at the fovea (13). These associations suggest
that photoreceptor maturation is potentially delayed after
treatment for ROP thereby affecting visual acuity.

Retinal detachment and retinal schisis may be difficult to
differentiate on clinical examination or photographs, and the
distinction is simplest on OCT imaging, where the outer retina
remains attached in schisis—while retinal layers split—whereas
outer retinal layers separate from the retinal pigment epithelium
in a detachment. This is important as vitreoretinal surgery
indications differ for schisis vs. detachment in older children and
adults and will likely be impacted by our OCT reports on these
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differences in preterm infants (4, 63). OCT imaging is recognized
as a valuable tool to identify whether the foveal center is
involved in retinal detachments in ROP (differentiating Stage 4A-
detached,

macula  attached—from  4B—macula retinal

detachment), as noted in the ICROP3 (64).

Significance

The outer retina in preterm infants is impacted by prematurity.
Outer retinal specializations have been reported to strongly
correlate with visual acuity (15). The impact of systemic diseases
on the outer retinal development, particularly the photoreceptors
maybe worth exploring. In addition to the outer retinal
development, OCT imaging demonstrates clear benefit in
advanced ROP,
involvement and determining the nature and degree of retinal

evaluating particularly identifying foveal
elevation (schisis vs. detachment). Further investigation may help
determine the sensitivity, specificity and the predictive value of
OCT imaging in advanced ROP which may alter future clinical

practice.

Choroid

The choroid is the highly vascular layer between the retinal
pigment epithelium and the sclera that provides oxygen to and
removes waste products from the RPE and photoreceptors (17,
65). In infants, the choroid is visualized on OCT below the
retinal pigment epithelium as hypo-and hyper-reflective areas
and the choroidal thickness is typically measured from the
Bruch’s membrane to the choroid-scleral junction at the foveal
center or across the foveal center 1 mm (15, 65). In 2013, we
demonstrated that the choroid continues to develop after birth in
preterm infants, however, the choroidal thickness in preterm
infants lags behind that of term infants (8). Erol et al. in 2016
showed that thicker choroid was associated with a higher birth
weight in preterm infants (16). Our study (Michalak et al.) and
He et al that
supplementation impact choroidal thickness (66, 67). In a cross-

found pulmonary status and oxygen
sectional study of OCT imaging at 36 weeks PMA in 82 preterm
infants in BabySTEPS (15), we evaluated the association between
choroidal thickness and demographics and systemic health
factors including cardiac abnormalities, hyper-inflammatory
conditions and pulmonary status (66). A thinner choroid was
independently associated with use of supplemental oxygen and
with slower postnatal growth velocity (Figure 5) (66). Most
preterm infants require some oxygen supplementation and the
ideal oxygen saturation target to avoid hypoxia and hyperoxia is
still under debate (68, 69). We postulated that in preterm infants
receiving supplemental oxygen, increased oxidative stress and
downregulation of VEGF may arrest the vascular development
resulting in a thinner choroid (66). The most common systemic
health factors associated with a thinner choroid were pulmonary
conditions that were either directly or indirectly related to the

use of supplemental oxygen such as bronchopulmonary dysplasia
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and pulmonary interstitial emphysema (66). He et al. also found an
association between thinner choroid and higher levels of oxygen
(67). They
gestational age, birth weight, PMA at imaging and the fraction of

supplementation in preterm infants included
inspired oxygen (FiO,) at 30 weeks, 36 weeks and the day of
OCT imaging in their analysis, where higher FiO, at 30 weeks
was independently associated with choroidal thinning implying
that choroidal thickness was mainly impacted by early postnatal
oxygen supplementation (67). Similar to our hypothesis, He et al.
also concluded that hyperoxia-induced vascular attenuation may
be responsible for the choroidal thinning (66, 67).

The second association of interest reported by us in Michalak
et al. was that of slower growth velocity with thinner choroid in
preterm infants (66). Growth velocity (grams per kilogram per
day of weight gain) was assessed using the 2-point average
method formula: (W, - W;)/[W,+ W;/2]/1000/number of days,
where W, was the infant’s weight on the day of OCT imaging
and W, was the infant’s weight on day 7 of life (66). Growth
velocity and postnatal weight gain have been increasingly
associated with the risk of developing ROP in preterm infants
(70, 71). While at this time, the exact mechanism by which poor
postnatal weight gain impacts choroidal thickness is still
unknown, studies in older former preterm and full-term infants
have reported an association between lower birth weight with
thinner choroid in children (72, 73). They have attributed this
association to global developmental delay which is a known
consequence of preterm birth (72, 73). This is also supported by
evidence from our recent report from BabySTEPS, where we
observed a linear growth rate of 14.8 pm/week of the choroid
from 30 to 38.4 weeks and then cessation of growth, with a
growth rate of 0.3 um/week from 38.4 to 60 weeks. However, we
noted that extremely low birth weight and extremely preterm
infants had significantly slower initial growth rate (42).

Several studies have found a correlation between ROP and
choroidal thinning (8, 15, 16, 67). In Moreno et al, we reported
thinner choroid in eyes of preterm infants and in those infants
with ROP (8). Erol et al. using 850 nm-centered handheld OCT
reported an association between choroidal thinning with higher
ROP stages (16), while in BabySTEPS, using infrared wavelength
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OCT that has deeper signal penetration in the choroid, we found
that plus disease rather than ROP stage impacted choroidal
thickness (15).

We have also identified choroidal changes in infants associated
with
hemochromatosis (9) and Poretti-Boltshauser syndrome (74), and

inherited or newborn diseases such as neonatal
that choroidal neovascularization in infants, visible on OCT, may
occur from disease or at the margin of chorioretinal colobomas
(75), and is an often unrecognized cause of vision loss (9, 74,
75). Other identified

associated with retinal effects of presumed intrauterine Zika virus

groups have also choroidal lesions
infections (76, 77), deposits in the choroid such as in oxalate
retinopathy (78), and other chorioretinal lesions (79). In all of
these conditions, the depth and pattern of choroidal involvement

is not possible without OCT imaging.

Significance

While the
relationship between oxygen supplementation, choroidal thinning

exact mechanism underlying the complex
and ROP is still unknown, it is pertinent to recognize that these
published studies demonstrate associations and not causality (66,
67). Future directions include additional studies and assessment
of the long-term implication of oxygen supplementation and
poor postnatal growth related choroidal thinning on visual
function and neurodevelopmental outcomes in preterm infants.
The depth of visualization, especially of the choroid has led to
the identification of sub-clinical findings in diseases which may
be useful in the development of newer disease classifications and
facilitate objective assessment of the choroid over time and
following treatment.

Optic nerve and retinal nerve fiber
layer

A multitude of diseases can affect the infant brain, optic nerve
and retina and are conventionally recognized from swelling of or
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atrophy and pallor of the optic nerve head, as viewed with
ophthalmoscopy or photographs. The optic nerve contains
unmyelinated retinal ganglion cell axons that constitute the
innermost layer of the neurosensory retina and converge here to
exit the eye. These fibers remain unmyelinated until they cross
the lamina cribrosa forming the optic nerve, at which point they
are surrounded by myelin of the oligodendrocytes (or by pre-
oligodendrocytes after very preterm birth) and they project
through the optic chiasm into the optic tract and pass near the
third ventricle before they reach the lateral geniculate nucleus,
the midbrain pretectal area, the suprachiasmatic nucleus or the
superior colliculus (17, 80). OCT imaging of the optic nerve
head and surrounding retinal nerve fiber layer (RNFL) provide
more nuanced measures of repeatable and accurate thickening
and thinning, captures disease changes not readily visible to the
clinician, and can be used to measure and thus monitor disease
and treatment effects over time. This is especially important for
infants who cannot report symptoms of visual field loss from
disease.

As with the brain, the ganglion cell axons are developing
during the preterm period and it is challenging to differentiate
disease effects from the age-appropriate preterm optic nerve
appearance. In an early study with Tong et al. (81), we have
compared the optic nerve head parameters between preterm and
term infants using OCT and reported a larger cup-to-disc ratio
in preterm infants, however, within the preterm infant cohort we
that with
leukomalacia had a larger cup-to-disc ratio and that infants with

found infants a diagnosis of periventricular
a larger cup-to-disc ratio had worse cognitive skills when
assessed over 18 months later by Bayley scales. As has been
found in adult optic nerve disease, we found that RNFL
thickness was a more reliable measure of the retinal ganglion cell
integrity when compared to optic nerve head parameters (35, 81).

Hence, OCT imaging of the RNFL presents a unique

opportunity to non-invasively evaluate the central nervous

10.3389/fped.2023.1238193

system, and OCT-based RNFL thickness has been a non-invasive
biomarker for axonal injury, independent of myelination changes
and repeatedly accessible at the bedside (Figure 6) (40, 82). In
preterm and term infants, we have demonstrated and validated
the utility and reproducibility of measuring RNFL thickness at a
radial distance of 1.5 mm from the center of the optic nerve in
the sector between the optic nerve and macula (20, 35, 40). In a
study of older infants and young children, we demonstrated the
stability of RNFL measurement from 6 months to 5 years of age
(38). In an early study in a cohort of 57 very preterm infants, we
evaluated the relationship between RNFL thickness and common
preterm  infant  pathologies such as  hydrocephalus,
intraventricular hemorrhage, bronchopulmonary dysplasia and
sepsis/necrotizing enterocolitis (NEC) (20). We noted a trend
towards thinner RNFL in preterm infants with sepsis/NEC and a
significant relationship between RNFL thickness and brain
abnormalities on magnetic resonance imaging (MRI) using a
modified Kidokoro score used to assess the global brain lesion
burden index which comprised of white matter, gray matter and
cerebellar subscores (Figure 7) (20). We also found a significant
correlation between thinner RNFL and worse cognitive and
motor skills as assessed by the Bayley Scales (20). This study
highlighted that RNFL thickness may be a promising non-
invasive, bedside biomarker of brain injury and subsequent
neurodevelopmental outcome as an adjunct tool to clinical MRI
and is currently being evaluated in the larger BabySTEPS trial
(20, 82).

From the subsequent prospective BabySTEPS, we first assessed
the impact of birth, demographic factors and ROP on RNFL
thickness at 36 weeks PMA in very and extremely preterm and
very and extremely low birth weight infants who are vulnerable
for neurodevelopmental and visual impairments (40, 83, 84).
While extremely preterm infants and extremely low birth weight
preterm infants had significantly thinner RNFL when compared

to very preterm infants and very low birth weight infants

B Thickness map of RNFL

A Imaging probe

FIGURE 6

permission from Shen LL et al.

Demonstration of the optical coherence tomography imaging probe and segmentation of retinal nerve fiber layer (RNFL). (A) The ultracompact, non-
contact, handheld imaging probe being used to image an infant at the bedside in the Duke intensive care nursery. (B) Thickness map (in um) 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 from —45 to +45
degrees relative to the organizing axis) at 1.5 mm from the optic nerve head center. The arc between 2 dashed pink lines and arrows represents the
papillomacular bundle (arc from —15 to +15 degrees 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. Reproduced with

C Segmentation of RNFL in the papillomacular bundle
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Correlation between mean retinal nerve fiber layer (RNFL) thickness along the papillomacular bundle (Top) and temporal quadrant (bottom) and global
brain magnetic resonance imaging (MRI) lesion burden index, white matter injury, and gray matter injury for 26 very preterm infants who underwent brain
MRI while in the intensive care nursery. Thinner RNFL across either arc (papillo-macular bundle or temporal quadrant) correlated with an increase in
global brain injury, white matter injury, and gray matter injury. Reproduced with permission from Rothman et al
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respectively, birth weight stood out as the only independent factor
influencing RNFL thickness, with an estimated 5.2 um increase in
RNFL thickness with every 250 g increase in birth weight (40). It
appears that antenatal events such as fetal malnutrition can
disturb cellular growth and differentiation in the central nervous
system and ganglion cells of the eye (40). Supporting this
hypothesis, Garcia-Filion et al. found a much higher prevalence
of low maternal pregnancy weight gain among infants with optic
nerve hypoplasia (85) and Lenzi et al. in an animal study,
demonstrated that a high protein and lipid diet in the prenatal
and postnatal period in rats had a favorable influence on optic
nerve development (86).

Subsequently in the same BabySTEPS cohort, we investigated
the association between 29 systemic health factors and RNFL
thickness (87). We found that low infant weight at the time of
OCT imaging (36 weeks PMA) sepsiss/NEC ~ were
independently associated with thinner RNFL suggesting that poor
intrauterine and postnatal growth as well as systemic inflammatory

and

conditions may adversely impact optic nerve development in
preterm infants. We suggest two possible mechanisms explaining
the association between thinner RNFL and sepsis/NEC: a direct
effect of systemic inflammatory mediators may disrupt the blood-
retinal barrier and damage the retinal ganglion cells or axons (88,
89), or systemic inflammation may impact regions of the visual
track within the brain, in turn, causing retrograde trans-synaptic
degeneration of retinal ganglion cells (90). The latter theory is
consistent with the Shah et al. report of significant white matter
injury in infants with sepsis/NEC (91).
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RNFL thickness in preterm infants follows a biphasic pattern of
change between 30 and 60 weeks PMA. In BabySTEPS, we found
that the RNFL thickness increases at 1.8 pum/week from 30 to
37.8 weeks PMA and then decreases at —0.3 pm/week from 37.8
to weeks PMA (41). We did not find an association between
RNFL thickness and macular edema in either BabySTEPS or our
earlier report with Rothman et al. (20, 41). This understanding
of the biphasic thickness change may be useful when evaluating

the longitudinal impact of diseases such as ROP and
interventions such as ROP treatment on infant retinal
development.

To further study of effects of ischemia on the ganglion cells and
axons of neonates, we have performed research bedside OCT
imaging in those in cooling protocols and suspected of having
hypoxic ischemic encephalopathy. The imaging was performed
without pupil dilation as the infrared light of OCT does not
constrict the pupil. We demonstrated an association between
RNFL thinning and hypoxic injury, with profound loss of
ganglion cell layer in some infants. Because thinning was already
present within days of birth in several infants, we postulated that
retinal injury evident as thinning may be due to the direct
impact of acute or chronic hypoxia on the RNFL, or due to the
process of retrograde injury (22). To examine other types of
tractional forces acting on the optic nerve head, we imaged
infants with familial exudative vitreoretinopathy, a vascular
disease similar to ROP but in term-born infants, with OCT we
could identify progressive deformation elevating the inner surface
of the optic nerve head; this was well before any elevation was
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apparent to the clinician (59). We have also demonstrated
visualization of papilledema and RNFL loss in a preterm born
child with obstructive hydrocephalus (33). More recently,
investigators have suggested that OCT measures of the RNFL
and retina may be a potentially sensitive indicator of elevated
intracranial pressure in infants and young children such as
with craniosynostosis (92, 93); this remains to be validated,
and we are not aware of reports for the preterm population.
Others have shown that OCT imaging of RNFL thickness in
infants and young children enables earlier identification of
damage from optic nerve glioma, with ongoing validation
studies (94-96). OCT has also been utilized to assess optic
nerve injury in infants with primary congenital glaucoma or
glaucoma after infant cataract surgery (97), and the OCT
imaging has revealed previously unrecognized injury to other
retinal areas, presumed to be ischemic in nature. Handheld
OCT imaging is also currently under evaluation for assessment
of early vigabatrin effects on the retina in infants treated for
infantile spasm. This points to potential future utility for OCT
in monitoring for similar high risk off target therapeutic effects in
preterm infants (98).

Significance

RNFL is an extension of the diencephalon of the central
nervous system. Research thus far demonstrates that birth
weight, systemic inflammation such as sepsis/NEC and brain
injury have an impact on the RNFL thickness. With the high
incidence of poor neurodevelopmental outcomes in extremely
preterm infants (83), RNFL could serve as a potential early,
repeatable non-invasive biomarker for neurodevelopment (82).
Longitudinal, prospective studies are needed to validate these
findings and identify the role of RNFL thickness in clinical
care. In addition to preterm infant systemic health, RNFL
thickness has shown promise in a myriad of other pediatric
diseases such as hydrocephalus and optic nerve gliomas as a
surrogate marker of pregeniculate visual pathway integrity,
and may provide essential information required to make
treatment decisions, especially since visual acuity testing in
these infants and toddlers may be challenging. The ability to
longitudinally assess RNFL thickness is also beneficial to
detect structural retinal biomarkers for either therapeutic or
toxic effects of drug therapies.

Future directions

Advances in OCT imaging in preterm infants have added to
understanding of retina development, however, given the
age, birthweight,
systemic health, hypoxic injury and hyperoxia with ROP, we

complexity and overlap of gestational

have yet to determine and isolate retinal biomarkers for
systemic health from those related to ROP. In studying
within the
important to understand the progressive and rapid changes of

potential biomarkers eye, it is exceedingly
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development of retinal and choroidal layers in preterm infants,

and the complex interactions between systemic health,
development and ROP. Fortunately, through bedside OCT
imaging in infants, we have begun the process of measuring
identifying OCT findings and their

associations with ocular and systemic disease. Thus far, the

retinal layers and
developmental data across this population has provided a
reference framework for future clinical investigations into the
early onset and pathways of abnormal development and for
therapeutic interventions for diseases or injury affecting visual
outcomes. Additionally, these studies have also provided an
objective basis for the design of follow up studies like
BabySTEPS 2 (ClinTrials.gov NCT04995341) that aim to
address not only the preservation of vision in preterm infants
but also neonatal care associated with better systemic and
neurodevelopmental outcomes. As with adults, we expect that
OCT imaging of infants will not be restricted for one disease,
and that imaging will prove useful across a spectrum of
genetic and developmental conditions in the future.
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