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Abstract

For nearly two centuries, the ophthalmoscope has permitted examination of the retina and optic
nerve—the only axons directly visualized by the physician. The retinal ganglion cells project their
axons, which travel along the innermost retina to form the optic nerve, marking the beginning of
the anterior visual pathway. Both the structure and function of the visual pathway are essential
components of the neurologic examination as it can be involved in numerous acquired, congenital
and genetic central nervous system conditions. The development of optical coherence tomography
now permits the pediatric neuroscientist to visualize and quantify the optic nerve and retinal layers
with unprecedented resolution. As optical coherence tomography becomes more accessible and
integrated into research and clinical care, the pediatric neuroscientist may have the opportunity to
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utilize and/or interpret results from this device. This review describes the basic technical features
of optical coherence tomography and highlights its potential clinical and research applications in
pediatric clinical neuroscience including optic nerve swelling, optic neuritis, tumors of the visual
pathway, vigabatrin toxicity, nystagmus, and neurodegenerative conditions.
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Optical Coherence Tomography

Background

Optic Nerve

Optical coherence tomography (OCT) uses a near-infrared laser to provide high resolution,
cross-sectional images of retinal structures, and the optic nerve.l These images can
distinguish between multiple retinal layers around the optic nerve head and macula,
permitting axial thickness and total volume measures at specific anatomic locations. The
OCT acquisitions are safe and the device does not touch the patient’s eye. OCT is
commonly compared with ultrasound as both provide cross-sectional views of the eye. The
primary difference is that OCT uses reflected light waves ranging from 820 to 870 nm
whereas ultrasound uses sound waves. Similarly, both systems are technically comprised of
A-scans and B-scans. An A-scan is an axial scan at a single point along the retina and a B-
scan is a collection of axial scans to create cross-sectional “slices” on a transverse plane
(Fig. 1). Scan resolution can be improved by increasing the number of A-scans per B-scan
and the total number of B-scans, as well as decreasing the distance between B-scans. Newer
OCT systems can produce volume scans by averaging numerous B-scans at different planes
along the retina.

OCT technology has continued to evolve since its inception almost 30 years ago. The first
commercially available systems were based on time-domain optical coherence tomography
(TD-OCT) and were quickly adopted by the retina and glaucoma specialists because it was
one of the first instruments to provide an in vivo view of retinal tissue.? The biggest
limitation of TD—-OCTwas its slow acquisition speed of 400 A-scans per second, making it
susceptible to eye motion artifacts. Currently, systems are based on spectral domain (or
Fourier domain, referred to as SD—-OCT throughout) technology which relies on real-time
measurements of reflected light at different wavelengths. This results in a higher acquisition
speed, better accuracy, and resolution at a near histological level (i.e., 3-5 pm). Most SD—
OCT systems are capable of acquiring up to 40,000 A-scans per second for greater precision
and reduced motion artifact.

Ganglion cell axons travel along the innermost layer of the retina, commonly referred to as
the retinal nerve fiber layer (RNFL), and combine to form the optic nerve (Fig. 2A). The
RNFL thickness is greatest in the superior and inferior quadrants because of the size of the
axons, compared with the temporal and nasal aspects of the optic nerve head (Fig. 2B). To
measure specific anatomic regions, OCT devices measure the circumpapillary RNFL
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(cpRNFL) thickness by placing a 3.45-mm circle centered over the optic nerve (Fig. 2C).
cpRNFL measures are made around the entire circle and thickness is reported in clock hours,
quadrants, subquadrants, or an average of the entire circle (Fig. 2D). Thickness measures are
compared with the manufacturer’s reference database and values falling below the lower 5th
and 1st percentile are labeled as abnormal. Reduced cpRNFL thickness in specific locations
around this circle correspond to focal deficits in the visual field.3 coRNFL measures in
healthy children have been reported to be thicker than in adults.* Unfortunately, the
reference values used in the manufacturer’s software are based on adults 18 years and older,
and thus cannot be strictly applied to children.#> However, some investigators have
published reference values for children that may be helpful in interpreting pediatric
results.*>

Despite numerous publications demonstrating excellent reproducibility of thickness
measures,5-11 clinicians should always visually inspect the automated segmentation for
artifacts. Blood vessels within the RNFL, optic nerve swelling, large refractive error, poor
image focus, off-center circumpapillary circle and the position of the superior and inferior
vascular arcades may falsely elevate or reduce the thickness measures. Despite our ability to
map visual field regions to cpRNFL locations,? it is important to remember that these values
represent the accumulation of axons from across those visual field sectors.

OCT imaging of the macula permits visualization of multiple retinal layers (Fig. 3A) by
acquiring a large rectangular volume scan centered over the fovea (Fig. 3B). The macula is
densely populated with photoreceptors that produce high-resolution visual acuity via the
parvocellular pathway. Most neuroscientists interested in visual acuity and visual deficits
have focused on measuring the combined ganglion cell layer-inner plexiform layer (GCL-
IPL) using OCT.12-16 There are advantages in measuring the macular GCL-IPL instead of
the cpRNFL as this region is not affected by optic nerve swelling, has few blood vessels to
create artifact, and the measurement of GCL-IPL is region specific and is not cumulative
across the macula. Both the total volume and average thickness can be measured and
highlighted using a color map (Fig. 3C,D). The importance of other retinal layers in the
diagnosis of neurologic conditions has recently proved to be beneficial.1”

Technologic Improvements Benefiting Children

As with many medical devices, OCT was originally designed for adults and common
ophthalmologic conditions such as glaucoma.2 Applications of OCT to pediatric conditions
were limited by the child’s ability to cooperate with OCT testing. To improve image quality
and reproducibility in adults and children, devices such as the Spectralis (Heidelberg
Engineering GmbH, Heidelberg, Germany) incorporate eye tracking.*%-11.18 This tracking
technology utilizes two light beams—one to “track” the fundus (once it is in a locked
position), the other to align the OCT scan to this tracked position. This is an essential tool
when imaging children, patients with nystagmus, and patients with cognitive impairment
because the system will pause scanning once it detects misalignment.
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For young children who cannot cooperate with traditional table-mounted OCT, a handheld
OCT (HH-OCT) can acquire high-resolution images in awake neonates or young children
who are sedated.8:7:19-29 The flexibility of imaging protocols provided by the HH-OCT has
also been useful in imaging awake children with nystagmus.17:30

Clinical and Research Applications

Optic Nerve Swelling

Determining if optic nerve head elevation is secondary to increased intracranial pressure
(i.e., papilledema) or due other congenital/structural anomalies (i.e., pseudopapilledema)
remains a clinical challenge for many Neurologists and Ophthalmologists. As mild
papilledema and pseudopapilledema may have a similar appearance, it can be difficult to
differentiate between them, especially when examining young and uncooperative children.
Numerous investigators have used OCT to measure the cpRNFL, total retinal volume, and
displacement of the outer retinal layers as a surrogate marker to distinguish between
pseudopapilledema and papilledema.31-36 cpRNFL thickness measures have not been found
to be useful when trying to distinguish between mild papilledema and optic nerve head
drusen.36:37 Quter peripapillary total retinal volume has been found to be the greatest in
those with papilledema, although there was some overlap with control and
pseudopapilledema patients.3! Kupersmith et al have noted an upward angulation of the
retinal pigmented epithelium/basement membrane layer in 67% of patient eyes with
papilledema.3® While this angle decreased following treatment for papilledema,38 other
investigators have not demonstrated similar findings.36

To better visualize the deep structures of the optic nerve, enhanced depth imaging with OCT
has been reported to provide better confirmation of optic nerve head drusen compared with
other conventional methods of diagnosis.39 However, this method has not been directly
compared between subjects with papilledema and pseudopapilledema.3? Using the infrared
image acquired with some OCT devices, Moss et al have found that retinal veins
demonstrate a significantly greater diameter in those with papilledema compared with
normal subjects and those with pseudopapilledema.*0

Until OCT can demonstrate adequate sensitivity and specificity in differentiating between
papilledema and pseudopapilledema, its clinical utility remains tenuous. However, OCT
might be a useful clinical research tool to provide an objective quantitative rather than
subjective qualitative measure of optic nerve swelling in patients being treated for
papilledema. The Idiopathic Intracranial Hypertension Treatment Trial has included OCT
measures of optic swelling and ganglion cell thickness to monitor treatment response and
visual outcomes using custom-designed segmentation software.3241 Furthermore, ganglion
cell loss detected at diagnosis of papilledema has been proposed as a potential method to
stratify patients into more aggressive treatment options.*

Optic Neuritis

Optic neuritis is an inflammatory disease of the anterior visual pathway. The
pathophysiology is multifactorial, likely involving demyelination, sodium channel
dysregulation, and axonal loss. Although demyelination of the optic nerve causes visual
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dysfunction, permanent visual loss is likely caused by axonal and neuronal degeneration.
Given its unique ability to visualize unmyelinated retinal axons, OCT has been used by
neurologists, ophthalmologists, and neuro-ophthalmologists to quantify axonal loss in many
inflammatory conditions of the central nervous system, such as, optic neuritis, multiple
sclerosis (MS), and neuromyelitis optica (NMO).

Most studies of OCT in optic neuritis have been performed in the adult MS population.
While optic neuritis may be an isolated and monophasic inflammatory disease in some
children and adults, optic neuritis is a common manifestation of MS. Acutely, the cpRNFL
appears “thicker” in eyes with optic neuritis compared with unaffected eyes because of disc
edema. Within 3 to 6 months of the onset of optic neuritis in adults, cpRNFL thinning is
detectable in 85% of affected eyes.*? In the eyes of adults with MS and a history of optic
neuritis in that eye, the cpRNFL thickness is decreased by a mean of 20 um compared with
healthy control eyes*3; however, thinning also occurs in the non—optic neuritis eyes of
patients with MS (mean loss of 7 um compared with controls). This may reflect retrograde
transsynaptic degeneration from postchiasmal lesions involving the lateral geniculate
nucleus of the thalamus, optic radiations, or visual cortex.** Alternatively, cpoRNFL thinning
in nonoptic neuritis eyes in adults with MS may reflect a global process as suggested by
correlations between cpRNFL thickness (using TD-OCT) and whole brain atrophy (as
measured by brain parenchymal fraction).4°

Three studies using TD-OCT in pediatric MS demonstrate cpRNFL thinning in children
with MS and optic neuritis,*6-48 with a mean loss of approximately 23 to 24 um compared
with pediatric control eyes. The same studies report conflicting data regarding cpRNFL
thickness in the non—optic neuritis eyes of children with MS. Waldman et al demonstrated
preserved cpRNFL thickness in children with MS who did not have a history of optic
neuritis in either eye,4” whereas other studies have shown cpRNFL thinning in these
unaffected eyes.#6:48 The pediatric studies have been limited by small sample sizes and short
disease duration, which may account for the preserved cpRNFL thickness in eyes unaffected
by optic neuritis in the one study. A longitudinal study in adults using TD-OCT showed a
decline in cpRNFL thickness with time in MS eyes.4® Of note, in adult MS eyes without
optic neuritis, significant cpRNFL thinning was detected in this study after 2 to 3 years of
follow-up. Using SD-OCT in adults, Huhn et al compared cpRNFL thickness and total
macular volume between subjects with disease onset younger than 18 years (pediatric-onset
MS) to adult-onset MS, matched for age or disease duration, and healthy controls.>°
cpRNFL thickness did not differ between the pediatric-onset and adult-onset MS eyes, either
matched for age or disease duration; however, total macular volume was significantly
decreased between subjects with pediatric-onset MS compared with disease duration—
matched adults.

Current research using SD—OCT allows for the segmentation of the retinal layers, with a
recent focus on the macular GCL-IPL and inner and outer nuclear layers. Thinning of the
macular GCL-IPL, a potential marker for neuronal degeneration, has been reported in adults
with MS and may decline before cpRNFL.135152 Using SD-OCT, Yeh et al demonstrated
cpRNFL and GCL~IPL thinning in 37 children with various demyelinating diseases,
including 16 children with MS, compared with healthy control eyes.>® The GCL-IPL
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thickness was decreased in all demyelinating disease eyes, with and without a history of
optic neuritis. The authors hypothesized that GCL-IPL thinning occurs at the time of a first
clinical event, unlike cpRNFL thinning which occurs after the edema has resolved, and may
implicate a primary neuronal pathology in pediatric demyelination. In adults, correlations
between macular GCL-IPL thickness and gray matter structures using MRI provide further
support for a degenerative biology beyond the anterior visual pathway in MS.>4 Additional
pediatric studies are needed to determine the timing of retinal and macular injury and their
relationship to clinical and subclinical optic neuritis and MRI markers of brain atrophy.

OCT has also been used in adults with NMO, with notable differences between cpRNFL
thickness in NMO compared with MS eyes. In NMO, there is greater coRNFL thinning,
averaging 30 to 40 umin ON eyes.® In NMO-ON eyes, cpRNFL thinning affects all the
quadrants, including the superior and inferior quadrants, which are less affected in MS. In
adults with NMO spectrum disorder without optic neuritis, the cpRNFL thickness does not
differ from controls, suggesting that subclinical optic neuritis does not occur in these adults.
OCT has not been reported in pediatric NMO.56

The above research studies have led some clinicians to incorporate the use of OCT into the
management of children and adults with optic neuritis, MS, and NMO, although its utility in
the clinical setting is debated. Although OCT permits the ability to quantify axonal damage
after optic neuritis, cpRNFL thinning is a late effect of optic neuritis. Still, OCT has been
recommended by some to obtain a “baseline” cpRNFL thickness performed 6 months after
the optic neuritis attack.>” Subsequent scans could be obtained to assess the effects of
additional attacks or for disease progression; however, such data should be interpreted with
caution as longitudinal studies are limited in adults and have not been published in
pediatrics.

Others clinicians have suggested using OCT to detect subclinical optic nerve involvement,
similar to the use of visual-evoked potentials. For example, if a child had visual complaints
in the past or failed a vision screen but does not have objective findings of visual acuity or
field deficits, abnormal color vision, a relative afferent pupillary defect, or optic atrophy, an
OCT could be used to assess for deviations from normative mean values in an eye that might
suggest previous subclinical optic neuritis. However, despite the ability of OCT to quantify
retinal layers, the clinical use of OCT is challenged by uncertainty around the interpretation
of research data for the individual patient.

Combining the clinical and research data, OCT may have a role in the future in identifying
disease subtypes, such as, the macular thinning predominant subtype, which has been
defined in adults (without a history of optic neuritis) by a normal cpRNFL thickness but
with macular thickness < 5% using reference data.58 Adults with this phenotype have more
pronounced photophobia and excessive glare as well as higher disability scores, possibly
because of the primary neuronal pathology as suggested by the disproportionate involvement
of the macula in the absence of optic nerve pathology. Similarly, microcystic macular edema
(thickening of the inner nuclear layer) may be identified using SD-OCT.59:60 This subtype
has been associated with greater inflammation in adults (as measured by new T2 lesions and
gadolinium enhancing lesions on MRI) and may be relevant in pediatric MS which is
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hypothesized to be more inflammatory and less neurodegenerative. In comparison to adults,
children with MS have a greater number of clinical relapses early in the disease course and
an increased number of T2 lesions in this age group.61:62 Future studies are required to
determine if these phenotypes are present in children and whether they correlate with other
markers of disease severity, inflammation, or progression.

Tumors of the Visual Pathway

A variety of childhood tumors are located along the anterior visual pathway including
craniopharyngiomas, prolactinomas, germ cell tumors, and low-grade gliomas. In adults
with surgically resectable parachiasmal tumors, the preoperative cpRNFL thickness
measured by OCT was predictive of postoperative visual acuity and visual field outcomes.%3
Many craniopharyngiomas, prolactinomas, and germ cell tumors are diagnosed after the
child has experienced vision loss; therefore, OCT may only provide prognostic information
about long-term visual outcomes as these tumors respond well to treatment and have a low-
recurrence rate.

On the contrary, low-grade gliomas (referred to as optic pathway gliomas, OPGSs) are unique
tumors that are not amenable to surgical resection, can remain stable for years before
progression, and may involve multiple but separate treatment courses.>® Furthermore,
changes in OPG size and contrast enhancement as visualized on MRI are known to have a
poor correlation to changes in vision.64.65 Given the lack of MRI and clinical features to
predict an impending visual decline, OCT may have the potential to alter clinical care by
identifying a declining cpRNFL thickness and or GCL~IPL thickness before vision loss has
occurred.12:19.66 No |ongitudinal studies have proven that cpRNFL or GCL~IPL precedes or
concurrently declines with vision loss, but the current studies are underway as these
measures are highly reproducible in patients without clinical progression.8:719 cpRNFL and
GCL-IPL thickness measures have shown excellent discrimination between children who
have experienced vision loss from their OPGs and those who have normal vision.12:19.66 For
children unable to complete formal visual field testing, OCT measures may be able to
provide added information about the child’s visual status (Fig. 4). Having quantitative
structural information from OCT at diagnosis may also help stratify patients to more or less
aggressive treatment plans depending on the presence, absence, or severity of visual
pathway damage.

Most children with OPGs are younger than 6 years, especially those with neurofibromatosis
type 1 (NF1), so they are less likely to cooperate with traditional table top OCT. The advent
of the HH-OCT now permits OCT imaging when children are sedated for their MR1.6.7:12.19
Also, many of the younger children cannot reliably complete an accurate assessment of their
visual acuity and/or visual fields,6 therefore, the HH-OCT may be particularly helpful in
making management decisions.1® For example, HH-OCT measures that are within normal
limits and do not show a progressive decline could be reassuring that the tumor is not
causing progressive vision loss, thus deferring the need to initiate treatment. Whereas a child
with stable or even untestable visual acuity that demonstrates a progressive decline in their
cpRNFL/GCL-IPL thickness measure may be a candidate for initiating treatment before
they manifest vision loss. As children with NF1-related OPGs and normal vision have
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cpRNFL/GCL-IPL thickness measures similar to healthy controls, OCT should not be used
as a screening tool for OPGs.19 Despite the many promising applications of OCT in children
with visual pathway tumors, the previously mentioned studies need further confirmation
along with larger subject numbers followed over time to determine if this technology can
improve the care of these children.

Vigabatrin has demonstrated good efficacy for treating infantile spasms, especially in
children with tuberous sclerosis.8 However, vigabatrin also causes retinal toxicity resulting
primarily in concentric peripheral visual field loss.89 Visual field changes can occur without
the clinician being able to visualize changes of the optic nerve during ophthalmoscopy.’°
Multiple studies have utilized OCT to measure cpRNFL, primarily in adults taking
vigabatrin, and demonstrated decreased cpRNFL thickness in subjects with visual field
loss.89:71-75 Unfortunately, none of these studies have performed longitudinal OCT imaging
before, during, and after vigabatrin exposure, thus failing to establish the temporal
relationship between visual field loss and the decreased cpRNFL. It is conceivable that the
visual field loss precedes the OCT changes.

While several investigators have acquired OCT measures in young children taking
vigabatrin, we are unaware of any published research demonstrating its ability to improve
visual outcomes in these patients. OCT imaging has not been established as the standard of
care in pediatric patients, so we do not recommend sedating young children on vigabatrin for
the sole purpose of acquiring OCT measures. In an expert review, Sergott did not
recommend OCT imaging for children younger than 2 years as this was an exploratory test,
and the risks of sedation/anesthesia may outweigh any potential benefit.”0

Determining the etiology of infant and childhood onset nystagmus can be challenging to
both the ophthalmologist and neurologist as both congenital and acquired etiologies must be
considered. In some cases, the subtle structural changes responsible for the nystagmus may
not be readily visualized during examination, especially when the nystagmus is pronounced.
Several investigators have utilized both traditional table top OCT and HH-OCT to examine
the foveal morphology of children with nystagmus.17:39.76-81 |nyestigators at University of
Leicester have imaged a large number of children with various types of nystagmus and have
determined that a foveal grading system provides excellent diagnostic accuracy as well as
the ability to predict visual outcomes.1”-"® Using HH-OCT on awake young children (mean
age, 3.2 years) with nystagmus, Lee et al frequently achieved a diagnostic sensitivity above
90% in subjects with typical foveal hypoplasia, atypical foveal hypoplasia, retinal
dystrophies, and healthy controls.1” Their ability to establish a strong genotype—phenotype
relationship using HH-OCT in nystagmus patients may ultimately improve clinical care and
decrease the number of unnecessary ancillary tests needed to confirm the diagnosis.

Neurodegenerative Conditions

Many neurodegenerative conditions frequently involve visual symptoms, thus, OCT findings
have been proposed to be a biomarker of disease progression.82-88 In presymptomatic
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children with X-linked adrenoleukodystrophy, cpRNFL, and total macular thickness were
not different from healthy controls.83 However, in adults with adrenoleukodystrophy and
vision loss, cpRNFL is markedly reduced.82 Reduced cpRNFL thickness in Friedreich ataxia
demonstrates a strong relationship to decreased visual acuity, low-contrast visual acuity,
quality of life, and GAA repeat length.84:85 Qualitative OCT analysis has also provided
insight into the retinal findings associated with pediatric storage disorders.86:87 In late
infantile neuronal ceroid lipofuscinosis, OCT along with other ophthalmologic signs has
been proposed as an objective marker of disease severity.88 Neurodegenerative and storage
disorders whose patients manifest significant cognitive deficits that limit functional
assessments provide a unique opportunity for OCT measures to serve as a biomarker of
disease severity and progression.

Future Considerations

OCT now permits the pediatric neuroscientist to visualize and quantify the optic nerve and
retinal layers with unprecedented resolution—providing an in vivo assessment of the
anterior visual pathway. The aforementioned research studies have provided invaluable
insight into the clinical and histologic changes accompanying these conditions which will
undoubtedly lead to a better understanding of the disease course and treatment outcomes.
OCT results should never be interpreted in isolation, but instead considered supplementary
information to a complete history and clinical examination. The accurate interpretation of
OCT imaging requires an experienced imaging specialist who is well trained in detecting
pathologic changes, determining appropriate image acquisition protocols and most
importantly, differentiating between true tissue changes and imaging artifacts. Prospectively
designed studies that examine large pediatric patient cohorts are needed to accurately
interpret OCT data for the individual patient and, more importantly, determine its impact on
clinical care.
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Fig. 1.

Composition of a spectral domain optical coherence tomographic volume scan. Red line
demonstrates the axial scan (A-scan). Blue dotted line represents the compilation of A-scans
to create a B-scan and black dotted line is the collection of B-scans to create a volume.
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Fig. 2.

SIg—OCT image of the Circumpapillary Retinal Nerve Fiber Layer Thickness Measures. (A)
Single B-scan of the circumpapillary SD-OCT acquisition. Solid red lines demonstrate
automated segmentation of the RNFL. (B) RNFL thickness measures of the OCT image at
anatomic locations. (C) Near-infrared image demonstrating en face view of the 3.45 mm
circle centered over the optic nerve. (D) Quadrant, subquadrant, and global average RNFL
thickness measures. N, nasal; NI, nasal inferior; NS, nasal-superior; PMB, papillomacular
bundle; SD-OCT, spectral domain optical coherence tomography; T, temporal; TS,
temporal-superior; Tl, temporal inferior.
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Fig. 3.
(A?) Spectral domain optical coherence tomography image of a single B-scan centered on the
macula. Solid colored lines delineate border between individual retinal layers. (B) Infrared
OCT image of the entire acquisition area. (C) Thickness (black numbers) and volume (red
numbers) measures across macula sectors. (D) Heat map of macula thickness measures with
red/yellow indicating greater thickness and green/blue representing thinner regions.
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CHOROID

RNFL- Retinal nerve fiber layer
GCL- Ganghon ceW layer

IPL- Inner plexiform layer

INL- inner nuclear layer

OPL- Outer plexiform layer

ONL- Outer nuclear layer

ELM- External dmiting membrane

ISIOS Junction- inner segment/
outer segment junction

RPE- Relinal pigmen! epithelium

BM- Bruch's membrane
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Right eye

Fig. 4.
Automated visual field demonstrating a right homonymous hemianopsia (top), infrared

optical coherence tomography image of macula (middle), and heat map of the macula
thickness (red/yellow indicating greater thickness and green/blue/magenta representing
thinner regions) corresponding to regions of visual field loss (bottom).
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