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Utility of the visual system to
monitor neurodegeneration in
multiple sclerosis

Gabrielle M. Mey and Tara M. DeSilva*

Department of Neurosciences, Cleveland Clinic, Cleveland, OH, United States

Neurodegeneration occurs early in the multiple sclerosis (MS) disease course
and is an important driver of permanent disability. Current immunomodulatory
therapies do not directly target neuronal health; thus, there is a critical need
to develop neuroprotective strategies in MS. Outcome measures in clinical
trials primarily evaluate disease activity and clinical disability scores rather than
measures of neurodegeneration. The visual system provides a noninvasive
correlate of brain atrophy and neuronal function through structural and functional
exams. Furthermore, optic nerve axons and their respective neuronal cell bodies
in the retina, in addition to their synaptic input to the thalamus, provide a distinct
anatomy to investigate neurodegenerative processes. This review discusses the
utility of the visual system as an early output measure of neurodegeneration in
MS as well as an important platform to evaluate neuroprotective strategies in
preclinical models.

neurodegeneration, demyelination, retina, optic nerve, neuroinflammation

1. Introduction

Neurodegeneration in MS is indicative of permanent axonal and neuronal cell body loss
leading ultimately to irreversible progressive decline. Immunomodulatory therapies to treat MS
focus on preventing the proliferation, migration, and/or infiltration of peripheral immune cells
into the central nervous system (CNS). While this can reduce inflammatory relapses that are
characteristic of relapsing-remitting MS, evidence of subclinical inflammatory lesions on MRI
still occurs (Fox and Cohen, 2001). Further, transected axons are observed in active MS lesions
demonstrating that ongoing inflammation leads to axonal damage and contributes to long-term
disease progression (Trapp et al., 1998). This suggests a critical need to provide protection to the
axon itself, but there are currently no therapies for MS that are specifically neuroprotective. A
better understanding of the pathogenesis underlying neurodegeneration in MS and more
sensitive measures of its detection are necessary to improve and inform therapeutic strategies.
The visual system has become an important and useful avenue to understand the relationship
between demyelination, axonal injury, and neurodegeneration in the CNS. Visual system
pathology is evident in both MS (Fisher et al., 2006; Green et al., 2010; Albrecht et al., 2012; Balk
et al,, 2015) and disease models (Shindler et al., 2006; Horstmann et al., 2013; Carbajal et al.,
2015; Aratjo et al,, 2017; Jin et al., 2019), and visual assessments have been correlated with
measures of neurodegeneration and disease progression. Certain visual tests are noninvasive
and take little time to perform, making this system applicable to both research and
clinical settings.

Visual tests offer insight into the extent of neurodegeneration, propensity for disease
progression, and the efficacy of therapeutic intervention. Optical coherence tomography (OCT)
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in particular is a noninvasive test that takes only minutes to perform
and allows the integrity of the retina and the thicknesses of its distinct
cellular layers to be measured (Huang et al., 1991). Degeneration of
the retina measured by OCT is associated with brain atrophy and
thalamic volume in MS (Gordon-Lipkin et al., 2007; Saidha et al.,
2015; Mey et al., 2022a), and with loss of retinal ganglion cells (RGCs)
in experimental autoimmune encephalomyelitis (EAE; Cruz-Herranz
etal., 2019). Additionally, the retinal vasculature can be evaluated in
a specialized form of OCT with angiography (OCT-A), which allows
the visualization and measurement of vascular densities and
distribution (Wang et al., 2018). Decreases in retinal vascular plexus
densities are observed in MS and are associated with MS clinical
disability and visual acuity, suggesting its utility as a marker for
worsening disease (Lanzillo et al., 2018; Murphy et al., 2020). Vascular
changes have implications for hypoxia, hypo-perfusion, and energy
imbalances that can lead to mitochondrial dysfunction and
neurodegeneration (Kleerekooper et al., 2020). Therefore, OCT and
OCT-A provide early information for structural changes that may
indicate risk for degeneration.

Aside from structural changes in the retina, visual functional tests
assess alterations in neuronal function. Electroretinograms (ERG) can
be utilized to determine the functional health of the retina in MS (You
et al,, 2018). One particular form of this test, pattern ERG, is able to
provide information specifically for RGCs (Holder, 1997; Bach et al.,
2018), which is important for understanding optic nerve injury (RGC
axons) relative to neurodegeneration. Recording visual evoked
potentials (VEP) is one method to quantify neuronal responses to
visual stimuli, with delayed VEP latency associated with
demyelination, often of the optic nerve (Halliday et al., 1972; You
et al, 2011). Another measure of visual function is high- and
low-contrast visual acuity, which is associated with retinal
degeneration and clinical disability in MS (reviewed in Balcer et al.,
2017). Finally, motion perception deficits have been studied as a
potential marker of axonal degeneration and demyelination in MS
(Ayadi et al.,, 2021). Decreases in motion perception have been
associated with retinal thinning, visual acuity, and VEP latency
(Backner et al., 2019; Ayadi et al., 2021). Here, we discuss current
literature on visual assessments relevant for monitoring MS, focusing
on the potential for earlier detection of neurodegeneration.

2. Monitoring MS through the visual
system

2.1. OCT and OCT-A are correlates of CNS
pathology in MS

While magnetic resonance imaging (MRI) and neuroperformance
assessments are the standard of care to monitor MS (Thompson et al.,
2018), visual assessments can aid in earlier detection of
neurodegeneration. Thinning of the inner retinal layers (retinal nerve
fiber layer—RNFL and ganglion cell/inner plexiform layer—GCIPL)
measured by OCT are associated with brain atrophy and loss of white
matter integrity regardless of whether a patient previously had optic
neuritis, with greater rates of retinal degeneration observed in
relapsing-remitting MS (RRMS; Ratchford et al., 2013; Saidha et al.,
2015; Alves et al., 2018; Paul et al., 2021). These studies suggest that
retinal degeneration reflects CNS atrophy and emphasizes the need
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for neuroprotective therapies early in the disease course. Currently,
thalamic atrophy is one of the strongest predictors of MS disease
worsening (Eshaghi et al., 2018; Magon et al., 2020). We recently
published that retinal thickness measured by OCT correlates with
thalamic volume in regions receiving afferent input from white matter
tracts during RRMS (Mey et al., 2022a), providing an early measure
of neurodegeneration. In progressive MS, rates of retinal thinning
were found to be faster than in RRMS regardless of age or of disease-
modifying therapy (Sotirchos et al., 2020). These studies suggest that
retinal thickness may be an important marker for progressive MS and
a global indicator for neurodegeneration in the CNS.

Measuring vascular changes in the retina using OCT-A is an
emerging technology to monitor changes in MS. Decreased retinal
vascular densities in patients with MS with and without a history of
optic neuritis were associated with Expanded Disability Status Score
(EDSS), visual acuity, and neurological performance (Lanzillo et al.,
2018; Murphy et al., 2020). Another study by Jiang et al. (2020)
showed that retinal vascular density was positively associated with
EDSS, but noted that an inecrease in retinal vascular density was
associated with a decrease in low-contrast letter acuity in
RRMS. Higher density of choriocapillaris in the retina was also
associated with previous inflammatory activity in MS (Feucht et al.,
2019). These studies suggest that vascular alterations may
be informative for both disease severity and ongoing inflammatory
activity. Additionally, OCT-A may aid in the diagnosis of MS vs.
neuromyelitis optica spectrum disorders, with important implications
for appropriate therapeutic intervention (Rogaczewska et al., 2021;
Tiftikcioglu et al., 2022). Taken together, these studies warrant further
exploration into the usefulness of OCT-A as a predictor of MS disease
progression and neurodegeneration in conjunction with OCT.

2.2. Functional visual changes reflect
neurodegeneration and demyelination

Visual dysfunction is one of the most common symptoms in MS,
with abnormalities occurring along both afferent and efferent tracts
(Graves and Balcer, 2010). Visual acuity, particularly low-contrast
acuity, is an outcome measure of neuroperformance that correlates
with retinal thinning measured by OCT and EDSS measures of MS
disability (Fisher et al., 2006; Talman et al., 2010; Schinzel et al., 2014;
Murphy et al., 2020). Low-contrast visual acuity correlates with OCT
measures of RNFL (unmyelinated RGC axons) and GCL (RGC cell
bodies), providing a functional correlate for structural changes in the
retina in MS (Walter et al., 2012). This supports the value of using
visual acuity as a functional outcome measure when determining the
efficacy of neuroprotective therapies in addition to measures of
clinical disability and structural changes (i.e., neuronal loss in the
retina; Fisher et al., 2006; Wu et al., 2007). ERG is a test of neuronal
function in the retina where information from light is first transduced.
A specific form of this test, pattern ERG, selectively measures the
function of RGCs (Porciatti, 2015). Since it has been shown that RGCs
degenerate subsequent to axonal loss in the optic nerve in the EAE
preclinical model (Jin et al., 2019; Mey et al., 2022a), decreased RGC
function may be indicative of neurodegeneration likely secondary to
axonal injury.

VEPs provide information regarding demyelinating activity
throughout the entire visual system from the optic nerve to the occipital
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cortex by measuring action potentials in response to visual stimulation.
VEP latency, or the speed of nerve conduction, has been associated with
demyelination (You et al., 2011), while a decrease in amplitude is
associated with axonal injury or sustained demyelination leading to a
decrease in nerve function even without a history of optic neuritis
(Halliday et al., 1972; Jones and Brusa, 2003). This has particular
relevance for early disease monitoring, as this indicator of demyelination
and damage in the visual system assists in the diagnosis of clinically
definite MS and detects optic nerve inflammatory activity early in
disease course (Kallmann et al., 2006; Behbehani et al., 2017; Thompson
etal,, 2018). Of note, multifocal (mf) VEP (as opposed to full-field VEP)
stimulates multiple small areas in the visual field, allowing for a more
accurate detection of visual dysfunction as a consequence of
demyelination (reviewed in Klistorner and Graham, 2021). Latency in
mfVEP is increased especially in cases of optic neuritis (Fraser et al.,
2006), but also in non-optic neuritis patients (Laron et al., 2010;
Klistorner et al., 2021). Due to these beneficial characteristics, mfVEPs
may be useful not only in detecting demyelinating activity and chronic
demyelination, but also in evaluating remyelinating therapies (discussed
in sections 3 and 4 below).

Measuring motion perception, another type of visual assessment,
may predict both axonal loss and demyelination, though without
regional specificity. A study by Ayadi et al. (2021) investigated two
cohorts of people with MS in Berlin and Sydney and found that
motion perception deficits correlated with RNFL and GCIPL
thicknesses and visual acuity. This suggests that motion perception
may be correlated with axonal loss. However, in the cohort from
Sydney, where patients had more pronounced optic neuritis, motion
perception also correlated with mfVEP latencies (Ayadi et al., 2021).
This is consistent with a study showing that, especially in patients with
a history of optic neuritis, full-field VEP latencies were inversely
associated with motion perception ability (Backner et al., 2019).
Motion perception may therefore be a promising indicator for
significant demyelination and axonal degeneration, suggesting an
important relevance for early disease monitoring and potential for
assessing remyelination.

Overall, these visual tests have clinical relevance for axonal and
neuronal changes that occur in MS that reflect CNS pathology and
atrophy. While this is critical for monitoring disease activity and risk
for progression and/or recovery in MS, there is still a need to
understand the basic cellular pathology underlying visual changes.
Therefore, histological studies and preclinical rodent models have
been used to delve into visual system pathology and how it relates to
neurodegeneration and progression in MS.

3. Investigating neurodegeneration in
MS and disease models

3.1. MS histopathology in the CNS and
visual system

The anatomy of the visual pathway facilitates a clear distinction
between demyelination, axonal injury, and neurodegeneration in
demyelinating disease. This is due to the organization of RGCs, their
corresponding axons that are unmyelinated in the RNFL and become
myelinated to form the optic nerve, and their associated synaptic
connections in the dorsal lateral geniculate nucleus (ALGN) of the
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thalamus (Figure 1). Lesion formation in white matter tracts along the
visual pathway and cell loss in the retina have been observed in the
majority of postmortem MS tissue (Ikuta and Zimmerman, 1976;
Toussaint et al., 1983; Green et al., 2010). Optic neuritis is a common
early symptom of MS, with a 50% risk of developing MS within
15years (The Optic Neuritis Study Group, 2008). However, thinning
of the RNFL and GCL is observed regardless of a history of optic
neuritis (Saidha et al., 2015; Graham et al., 2016). Research has
therefore set out to investigate the pathology behind retinal thinning
to corroborate structural and functional changes.

One important contributor to retinal thinning is trans-synaptic
axonal degeneration, whereby damage in the posterior visual system
(i.e., optic radiations and visual cortex, Figure 1) associates with RNFL
thinning as well as global brain atrophy (Gabilondo et al., 2014; Balk
etal., 2015). A decrease in LGN volume has also been associated with
lesions in the optic radiations (Papadopoulou et al., 2019), which are
axons from dLGN neurons that project to the occipital cortex
(Figure 1). This is consistent with a study by Klistorner et al. (2022)
showing that chronic demyelination drives axonal loss in the visual
pathway, with mfVEP latency (measure of demyelination) associating
with the rate of RNFL loss (measure of axonal loss). These studies
indicate that retrograde and anterograde neurodegeneration occurs in
the visual system following demyelinating activity in various white
matter tracts and can be used to assess progressive axonal loss.
However, there may also be independent mechanisms of degeneration
that contribute to retinal thinning. In a large cohort of MS tissue,
inflammation of the retina and abnormalities of retinal vasculature
were observed across all MS disease courses (Green et al., 2010). These
findings corroborate OCT-A abnormalities in patients with MS
(Lanzillo et al., 2018; Murphy et al., 2020), suggesting that vascular
dysregulation in MS is an important contributor to neurodegeneration.

Neuronal loss observed along the visual pathway in postmortem
MS tissue confirms a spatial relationship between neurodegeneration
and structural and functional changes observed with visual
assessments. However, the temporal relationship between myelin/
axonal injury and neurodegeneration is essential to help delineate
mechanisms of neuronal loss and neuroprotection in the CNS. While
associations can be made in clinical studies, preclinical models of
demyelinating disease are crucial to investigate underlying
mechanisms of neurodegeneration and potential methods
of neuroprotection.

3.2. Visual pathology in animal models
reflects CNS demyelination and
degeneration

The most commonly used preclinical model for MS is the
experimental autoimmune encephalomyelitis (EAE) model
(Ransohoff, 2012). In C57BL/6] mice, EAE recapitulates many of the
T cell-mediated inflammatory responses that are observed in MS. This
model also demonstrates retinal thinning by OCT, loss of RGCs, and
functional visual deficits (Horstmann et al., 2013; Cruz-Herranz et al.,
2019; Sekyi et al., 2021). We also recently established that the timeline
of demyelination, consistent with delayed VEP, synaptic loss, and
axonal injury relative to neurodegeneration in the visual system,
mirrors that of the spinal cord where EAE has been typically studied
(Mey et al., 2022a). Further, loss of RGCs has been correlated with
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FIGURE 1

Organization of the anterior and posterior visual pathways. Retinal ganglion cells (RGCs) in the ganglion cell layer (GCL) are the innermost neurons of
the retina. RGC axons comprise the unmyelinated retinal nerve fiber layer (RNFL) and become myelinated in the optic nerve. Optic nerve axons form
presynaptic terminals in the lateral geniculate nucleus (LGN) of the thalamus. Together, this forms the anterior visual pathway. The afferent fibers from
the dLGN emerge as the optic radiations and innervate V1 in the occipital region of the brain to process vision, forming the posterior visual pathway.

Image created with BioRender.com.

EAE clinical scores, showing that neurodegeneration in the visual
system is reflective of spinal cord pathology as evidenced by motor
phenotype (Cruz-Herranz et al.,, 2019; Jin et al., 2019). These studies
suggest that studying the visual system in EAE is a useful way to study
mechanisms underlying neurodegeneration. EAE can also be used to
study independent mechanisms of neurodegeneration other than
secondary loss relative to demyelination. Cruz-Herranz et al. (2021)
showed that in early EAE before clinical onset, subsets of microglia in
the retina proliferate and express genes consistent with inflammatory
pathways. Microglia density during early EAE in the retina was also
associated with the degree of RGC loss at chronic EAE, suggesting that
microglia may play a role in neuronal loss (Cruz-Herranz et al., 2021).
Microglia have also been implicated in synaptic loss in the dLGN early
in EAE, preceding optic nerve axonal loss, in a complement-mediated
manner. Blocking complement signaling reduced microglial
engulfment of synapses in the dLGN during early EAE and was
accompanied by improved visual acuity (Werneburg et al., 2020).
We have also shown that blocking a mediator of oligodendrocyte cell
death in EAE, the AMPA type glutamate receptor, reduced
demyelination and loss of myelinated axons in the spinal cord (Evonuk
etal., 2020). This begs the question of how demyelination and axonal
injury affect loss of synapses and neuronal function that has been
investigated in other models of demyelination such as the
cuprizone model.

Cuprizone is a copper chelator that induces oligodendrocyte cell
death and demyelination followed by remyelination upon cuprizone
diet cessation (Kipp et al, 2009). This model allows for the
investigation of demyelination-induced axonal changes without the
robust adaptive inflammatory responses that are observed in the EAE
model. It has been shown that following cuprizone-induced
demyelination, loss of excitatory synapses in the dLGN is accompanied
by a shift toward inhibitory signaling (Aratjo et al, 2017). VEP
activity in the cuprizone model corresponds to demyelination and
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remyelination, indicating that VEP reflects demyelinating activity as
it does in MS patients (Marenna et al., 2022). This also suggests that
VEPs may reflect the efficacy of remyelinating therapy in preclinical
models, providing utility in determining neuroprotective strategies in
MS. A study by Crawford et al. (2009) showed that there is a limited
window of time following demyelination in the cuprizone model in
which neuronal function can be recovered. This emphasizes the
importance of providing neuroprotection early in disease. The use of
the visual system for early detection of structural and functional
changes therefore critical to

during MS is informing

therapeutic strategies.

4. Evaluating therapeutic strategies
and CNS repair

In terms of evaluating therapeutic efficacy, visual assessments with
a functional purpose potentially have an important role for evaluating
neuroprotective therapies. In preclinical models, VEP latency has been
validated as a measure of demyelination and remyelination, making it
useful to evaluate the efficacy of remyelinating therapies (Heidari
etal., 2019; Cordano et al., 2022). In fact, VEPs have been used as an
outcome measure in clinical trials to evaluate the safety and efficacy
of potential remyelinating therapies clemastine fumarate (Green et al.,
2017) and opicinumab (Cadavid et al., 2017). In a substudy of the
opicinumab (RENEW) trial, mfVEP was used as a readout instead of
full-field VEP, and showed that mfVEP may be a more sensitive way
to assess remyelination in future studies (Klistorner et al., 2018). VEP
or mfVEP as a functional readout has important clinical relevance as
early intervention is key to preventing secondary neurodegeneration
from sustained demyelination (reviewed in Mey et al. (2022b)).
Low-contrast letter acuity has also been correlated with VEP, EDSS,
and MRI activity (Balcer et al.,, 2017). Changes in visual acuity have
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predicted EDSS, making it an important functional readout of MS
disability (Baier et al., 2005). This has implications both for detecting
disease progression or delayed progression in response to therapeutic
intervention. While structural visual assessments such as OCT cannot
particularly evaluate repair (i.e., retinal thickness will not increase
after neurons are already lost), a decrease in rate of retinal thinning
can help indicate the efficacy of a disease-modifying or neuroprotective
therapies. Overall, these studies indicate that the visual pathway serves
as both a predictor of neurodegeneration as well as a measure of CNS
recovery, providing a well-rounded system to evaluate MS progression
and treatment.

5. Discussion

While MRI and clinical assessments remain the standard of care
for MS (Thompson et al., 2018), additional assessments are critical for
earlier disease diagnosis and detecting disease progression. Visual
system pathology including retinal thinning, reduction of visual
acuity, and delayed VEP, mfVEP, and ERG recordings are promising
avenues to fill this void and provide helpful information to guide
clinical care and therapeutic strategies (Saidha et al., 2015; Balcer
etal., 2017; Graham and Klistorner, 2017). Animal models of disease
have elucidated molecular mechanisms regarding how demyelination
and neuroinflammation affect axonal integrity and neuronal function.
Targeting these pathways has been shown to improve visual function
and, in some cases, restore neuronal function following axonal
damage (Crawford et al., 2009; Werneburg et al., 2020). OCT imaging,
VEPs, and visual acuity are three particular assessments that have
been used in both mice and humans, encouraging the translation of
findings in preclinical models to the bedside. The studies highlighted
in this review show the increasing impact of the visual system for early
detection of neurodegeneration and to guide research toward
improved care for MS.
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