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Multiple sclerosis (MS) is a complex disease of the central nervous system
(CNS), characterized by inflammation, demyelination, neuro-axonal loss, and gliosis.
Inflammatory demyelinating lesions are a hallmark of the disease. Spontaneous
remyelination, however, is often incomplete and strategies that promote remyelination
are needed. As a result, accurate and sensitive in vivo measures of remyelination are
necessary. The visual pathway provides a unique opportunity for in vivo assessment
of myelin damage and repair in the MS-affected brain since it is highly susceptible to
damage in MS and is a very frequent site of MS lesions. The visually evoked potential
(VEP), an event-related potential generated by the striate cortex in response to visual
stimulation, is uniquely placed to serve as a biomarker of the myelination along the
visual pathway. The multifocal VEP (mfVEP) represents a most recent addition to the
array of VEP stimulations. This article provides a current view on the role of mfVEP as a
biomarker of demyelination, spontaneous remyelination, and myelin repair in MS.
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Multiple sclerosis (MS) is a complex disease of the central nervous system (CNS), characterized by
inflammation, demyelination, neuro-axonal loss, and gliosis. Inflammatory demyelinating lesions
are a hallmark of the disease. The acute stage of lesion formation initially results in a complete block
of conduction (and associated functional deficit) along the axons affected by the inflammation.
Axonal conduction (and function), however, typically recovers within a few weeks, during
which inflammation subsides, ion channels are reconstructed and conduction in surviving but
demyelinated axons resumes, although often in a slower, continuous mode (Smith and Waxman,
2005). This restoration of conduction along the demyelinated axons is due to appearance of more
widely distributed sodium channels that are diffusely deployed along demyelinated axolemma (Felts
et al., 1997; Waxman, 2005).

Permanent demyelination, however, may contribute to accelerated degeneration of surviving
axons by rendering them vulnerable to physiological stress (Kornek et al., 2000; Bruck et al.,
2003). Chronic demyelination increases the energy demands of axonal conduction, ultimately
compromising axoplasmic adenosine triphosphate (ATP) production, leading to an ionic
imbalance and Ca2+-mediated axonal degeneration (Correale et al., 2017). In addition, lack
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of trophic support from myelin or oligodendrocytes and
disruption of normal axon–myelin interactions may result in
degeneration of chronically demyelinated axons (Trapp et al.,
1999; Peterson and Fujinami, 2007).

While spontaneous remyelination was first described in MS
in 1965 (Périer and Grégoire, 1965) and is now believed to be
an early and frequent phenomenon occurring in MS (Raine and
Wu, 1993; Patrikios et al., 2006), it is often incomplete (Prineas
et al., 1989; Bramow et al., 2010) and strategies that promote
remyelination are needed. A number of approaches to promote
myelin repair have made significant progress in experimental
models (Suhs et al., 2012) and it is now emerging as a new target
for neuroprotective strategies, making its way into human clinical
trials (see Cunniffe and Coles, 2019; Lubetzki et al., 2020 for
review). Therefore, accurate and sensitive in vivo measures that
can assess and verify the therapeutic and biological efficacy of
putative remyelinating treatments are necessary in order for a
transition to clinical therapy.

A number of imaging techniques have been suggested as
potential surrogate biomarkers of myelin damage and repair
in MS brain. There are several recent reviews examining the
potential use of various imaging biomarkers in remyelination
trials (Barkhof et al., 2009; Mallik et al., 2014; Oh et al., 2019).
In this review, however, we concentrate on electrophysiological
assessment of de/remyelination in MS patients.

The visual pathway provides a unique opportunity for in vivo
assessment of myelin damage and repair in the MS-affected brain.
Firstly, the visual system is highly susceptible to damage in MS
and is a very frequent site of MS lesions. Optic neuritis (ON) is the
presenting symptom of MS in approximately 20% of MS patients
and evidence of previous ON is typically detected in half of the
relapsing-remitting (RR) MS population, while optic radiation
(OR) lesions are seen in about two-thirds (Figure 1; Hornabrook
et al., 1992; Jenkins et al., 2010; Klistorner et al., 2015).

Secondly, the strictly hierarchical structure of the visual system
provides an opportunity to follow the effect of MS damage
along several levels of inter-connected neurons. Thirdly, with the

FIGURE 1 | Schematic representation of the visual system and sites of MS
lesions.

advent of tractography [based on diffusion magnetic resonance
imaging (MRI)], the entire length of the visual pathway, including
the OR, can now be visualized and its structural damage can be
quantified (Figure 2; Sherbondy et al., 2008).

In addition, contrary to many other white matter pathways,
the visual pathway allows study of the dynamics of myelin
alteration in both acute and chronic lesions. This is due to the fact
that, while OR lesions are typically silent, lesions of the anterior
visual pathway are clinically apparent.

Furthermore, accurate and quantifiable measures of visual
system function, such as visual acuity [and low contrast
visual acuity (LCVA) in particular], are readily available
(Balcer et al., 2017).

Finally, the visually evoked potential (VEP), an event-related
potential generated by the striate cortex in response to visual
stimulation (Fahle and Bach, 2006), is uniquely placed to serve
as a biomarker of the myelination along the visual pathway based
on the following rationale. The VEP represents an electrical signal
generated at the level of striate cortex by the combined activity
of post-synaptic potentials in response to visual stimulation
(Creutzfeldt et al., 1969; Fahle and Bach, 2006). As a result, its
magnitude (“amplitude”) and timing (“latency”) are affected by
pathological changes (such, for example, as MS lesions) along the
entire visual pathway. Thus, it was suggested that amplitude of
the VEP reflects the number of functional fibers along the visual
pathway and is determined by the severity of inflammation in
the acute stage of MS lesion and subsequent axonal degeneration
in later stages (Jones and Brusa, 2003). Latency, on the other
hand, is related to the speed of conduction. Since the slowing
of conduction affects only the demyelinated portion of the
axons (Smith and Waxman, 2005; Waxman, 2005), the extent
of demyelinated area is likely to be proportional to the delay of
VEP arrival to the visual cortex, i.e., delay of VEP latency. As a
result, in contrast to most brain lesions, the effect of myelin loss

FIGURE 2 | Tractography of the optic tract (green) and optic radiation using
ConTrack software.
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and recovery can be qualitatively measured by the latency delay
(Halliday et al., 1972).

This close association between VEP latency delay and degree
of visual pathway demyelination has been confirmed by clinical
and experimental studies. For example, van der Walt et al.
(2015) demonstrated a high degree of concordance between the
length of optic nerve lesion and relative latency delay of the
VEP derived from stimulation of corresponding eye (Figure 3).
Similar relationships have been found in animal studies (You
et al., 2011; Heidari et al., 2019). A study by Alshowaeir et al.
(2014) also revealed a close relationship between VEP latency
delay and lesion volume in posterior visual pathway.

Since the VEP is generated at the level of striate cortex, it is
affected by pathological changes along the entire visual pathway.
Therefore, latency delay of the VEP reflects the combined effect
of demyelination in the entire visual system including optic nerve
and OR. However, due to the unique topographic anatomy of the
visual system (i.e., post-chiasmal crossing and projection of fibers
subserving similar parts of the visual field of both eyes to the same
area of the cortex), the effect of optic nerve and OR demyelination
on VEP can be differentiated. Thus, demyelinating lesions of
OR typically produce a similar delay of the VEP response in
both eyes. Conversely, since lesions of the optic nerve in MS
are, as a rule, unilateral, optic nerve demyelination only affects
VEP recorded in response to stimulation of the affected eye.
Furthermore, the monocular nature of ON allows comparison
of VEP parameters recorded from the affected eye with data
obtained from the fellow (unaffected) eye. Using this inter-eye
latency difference (asymmetry) significantly reduces between-
subject variability, providing a very accurate measure of optic
nerve de/remyelination (Graham et al., 2000; Hood et al., 2000b;
Klistorner et al., 2018).

There are several stimulating modalities that are employed
to generate the VEP. Flash stimuli are typically used in animal
studies and to record VEP response from non-cooperative
patients or young children, while pattern-reversal full or half-field
VEPs are commonly used in adults (Fahle and Bach, 2006). The
multifocal VEP (mfVEP) represents a most recent addition to the
array of VEP stimulations. The multifocal technique was initially

FIGURE 3 | Correlation between optic nerve lesion and mfVEP latency delay
[from van der Walt et al. (2015)].

developed by Sutter and Tran (1992); Baseler et al. (1994), Baseler
and Sutter (1997) and later modified and improved to study
cortical responses, first in glaucoma and later in demyelinating
diseases (Klistorner et al., 1998, 2010; Hood et al., 2000a; Fraser
et al., 2006).

There are several advantages of mfVEP over full-field
stimulation (Table 1).

The conventional full-field VEP provides a summed response
of all neuronal elements stimulated and is greatly dominated by
the macular region due to its cortical overrepresentation (Daniel
and Whittridge, 1961). It has been estimated that 65% of the
total full-field VEP response represents the central 2◦of the visual
field (Riggs and Wooten, 1972; Yiannikas and Walsh, 1983).
A small unified check size, which is commonly used for full-field
pattern stimulation, is another factor that tends to bias the central
response (Harter, 1970).

In addition, being the vector sum of numerous differently
oriented dipoles (caused by projection of upper and lower
hemifields to oppositely oriented banks of the calcarine sulcus,
which is further exacerbated by local cortical convolution),
the waveform of the full-field VEP is prone to unpredictable
change depending on the part of the nerve/visual field
affected, leading sometimes to detection of apparent rather
than real amplitude and latency change (Halliday et al.,
1979; Klistorner et al., 1998). This is particularly apparent in
case of OR lesions.

In contrast, the mfVEP simultaneously stimulates numerous
small areas (typically 56) of the visual field using pseudorandom
sequences and is able to extract individual responses from each
stimulated area independently and at the same time (Sutter and
Tran, 1992; Klistorner et al., 1998). This, together with cortical
scaling of the stimulating areas, provides a much larger field of
examination, which typically extends to 25◦ of eccentricity. In
addition, larger check size at more peripheral locations produces
an optimal mfVEP response from different parts of the visual
field (Figure 4A; Balachandran et al., 2002). The introduction of
orthogonally oriented bipolar recording channels straddling the
inion (Klistorner and Graham, 2000) also enhanced the ability
of mfVEP to detect signals from all parts of the visual field
regardless of the orientation of the underlying striate cortex
dipole (Figure 4B).

Furthermore, stimulation of small areas of the visual field
eliminates the cancelation effect of various dipole orientation
caused by the opposite position of upper and lower banks of
calcarine sulcus (subserving the upper and lower hemifields) and
cortical convolution, which is a serious limitation for the full-
field VEP.

Since it was established that signals derived from the
peripheral areas of the visual fields are less delayed and recover
faster than responses derived from the central areas of the visual
fields, this may also contribute to cancelation or distortion of the
full-field VEP as it is a summed response (Klistorner et al., 2007).

There are various ways to measure mfVEP latency. Individual
segments can be assessed independently and a retinotopically
organized plot of latency delay can be constructed (both as
absolute value of latency delay and deviation from a normative
database) (Figure 5).

Frontiers in Neuroscience | www.frontiersin.org 3 October 2021 | Volume 15 | Article 725187

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-725187 October 25, 2021 Time: 16:16 # 4

Klistorner and Graham Multifocal VEP as Myelin Biomarker

TABLE 1 | Comparison between full-field and multifocal VEP.

Full-field VEP Multifocal VEP

Retinal topography of the response Dominated by the macular region Equally distributed within central 48◦ of the visual
field

Number of stimulating fields Single Multiple (up to 56)

Number of responses in individual recording Single combined response Independent responses from multiple small areas of
the visual field

Ability to assess retinal topography of the response No Yes

Susceptible to cancelation between upper and lower hemifields Yes No

Cortically scaled stimulation No Yes

Alternatively, an averaged value of latency across all areas of
the stimulated eye can be used. However, contrary to full-field
VEP, averaging of mfVEP areas does not result in cancelation or
distortion of the total signal since numerical values of latency not
waveforms are averaged.

In summary, the mfVEP better reflects the true state of the
conductivity along the visual pathway by including information
from fibers subserving more peripheral parts of the visual
field and eliminating cancelation effects of differently oriented
dipoles. Simultaneous recording from a plurality of visual field
locations and use of orthogonal channels also results in higher
spatial resolution of the mf VEP technique, allowing independent
assessment of multiple regions.

While a number of imaging techniques such as magnetization
transfer ratio, diffusion tensor imaging, and myelin water
fraction have been recently suggested as potential biomarkers
for de/remyelination in MS lesions (Jelescu et al., 2016; van der
Weijden et al., 2020; Klistorner S. A. et al., 2021), there is no
current consensus on an issue of which one should be selected.
There are also no clinical studies to compare sensitivity and
specificity between imaging and electrophysiological (and VEP in
particular) techniques in assessing de/remyelination.

ACUTE LESIONS OF THE VISUAL
PATHWAY

The majority of new white matter lesions in MS are clinically
silent and, as a result, are typically detected during routine MRI
examination long after the acute inflammatory stage. Optic nerve
lesions, on the other hand, are usually clinically apparent from
the onset and, therefore, provide a unique platform to study
spontaneous remyelination, as well as treatment-induced myelin
repair in the early post-acute period using VEP latency as a
biomarker (Hood et al., 2000a; Klistorner et al., 2010; Cadavid
et al., 2017; Klistorner A. et al., 2021).

Furthermore, since precise timing of ON onset is known,
the ON model also offers an opportunity to investigate the
effect of the lesion’s age on remyelinating capacity of any
potential treating agent by studying patients with different post-
ON intervals.

This is of particular importance since it is believed that
remyelination is more likely to succeed in the acute or recent
MS lesion, while the environment for successful remyelination

may become less permissive in longstanding lesions (Chari
and Blakemore, 2002; Ruffini et al., 2004). The “window of
opportunity” for the process of remyelination to be successful
(Blakemore et al., 2002) may be related to pro-reparative
interactions between various cell populations and cytokines
within the early MS lesion (Chari and Blakemore, 2002; Foote and
Blakemore, 2005; Zhao et al., 2005). This critical period may open
following sufficient expansion and differentiation of perilesional
and lesional oligodendrocyte precursor cells and end with the
conversion of acute to chronic inflammation status (Kotter et al.,
2011). This age effect on the lesion is therefore likely to influence
both spontaneous and treatment-induced remyelination that
may be achieved.

Multifocal Visually Evoked Potential
Studies of Spontaneous Remyelination
of Acute Lesions
Both experimental and clinical studies have demonstrated that
after a brief block of conduction caused by acute inflammation,
the surviving, but chronically demyelinated axons largely recover
the ability to conduct (Smith and Waxman, 2005; Klistorner
et al., 2010). This general pattern is well reflected in clinical
and electrophysiological recovery after an episode of acute ON.
It was shown that after the resolution of acute inflammation
that typically occurs within 1–2 weeks from the onset of ON,
the conduction along the demyelinated part of the affected
axons resumes, resulting in restoration of vision and recovery of
VEP amplitude. However, similar to full-field VEP, immediately
after recovery of the conduction block, the latency of mfVEP
often displays significant prolongation. We have previously
demonstrated that this latency delay is highly proportional to
the length of the acute demyelinated area along the optic nerve
(Figure 3; Klistorner et al., 2010) and, therefore, reflects the
degree of initial myelin loss (Hood et al., 2000a; Jones and Brusa,
2003; Klistorner et al., 2010; van der Walt et al., 2015).

Subsequent shortening of mfVEP latency, which is frequently
observed after this initial delay, is thought to represent the
process of spontaneous remyelination (Hood et al., 2000a;
Klistorner et al., 2010; van der Walt et al., 2015). The mfVEP
latency improvement, however, is limited in magnitude and
restricted in time (Klistorner et al., 2010). Thus, the speed of
latency recovery is fastest during first 3 months after an acute
episode of ON, but gradually decelerates in the following months
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FIGURE 4 | (A) Dartboard stimulus used in mfVEP recording. (B) Example of mfVEP recording from ON (bottom row) and fellow (upper row) eyes. Individual travels
from corresponding segments magnified to demonstrate latency measurement. Note that the same channel (vertical) is selected for inter-eye comparison.

and finally ceases by the end of the first year, remaining stable
thereafter (Klistorner et al., 2010, Klistorner et al., 2020).

In addition, it was demonstrated that, at least in the
optic nerve, the magnitude of post-acute latency shortening
(i.e., spontaneous remyelination) is largely independent of
initial latency delay (presumed size of the initial demyelinated
lesion). For example, while in some cases initial (4 weeks
after ON onset) latency delay of the mfVEP exceeds 35–40 ms

(indicating almost total demyelination of the optic nerve),
latency improvement does not usually go beyond 10–15 ms
(average latency recovery 11.3 ± 3 ms) (Klistorner et al., 2010),
indicating disproportionately small remyelination of large lesions
(Figure 6). This partial recovery of mfVEP latency (van der
Walt et al., 2015) reflects the limited nature of spontaneous
remyelination, which is well documented in experimental and
pathological studies (see Cunniffe and Coles, 2019 for review).
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FIGURE 5 | Example of mfVEP latency asymmetry values of individual segments (left) and plot of probability values of deviation from normative database.

FIGURE 6 | Absolute latency recovery values at 12 months plotted against
baseline latency delay [from Klistorner et al. (2010)].

Multifocal Visually Evoked Potential
Studies of Treatment-Induced
Remyelination of Acute Lesions
The acute ON model is becoming a method of choice for clinical
trials aimed at myelin repair (Tsakiri et al., 2012; Galetta et al.,
2015; Cadavid et al., 2017; Klistorner et al., 2018).

The mfVEP has recently been used to study remyelination
in a clinical trial of monoclonal antibody opicinumab, which
previously shows remyelinating activity in pre-clinical studies
(RENEW and RENEWED). In the RENEW study, patients
were treated with 100 mg/kg opicinumab for 20 weeks and
assessed up to week 32, while the RENEWED study was
designed as a follow-up study at 2 years after the last
visit of RENEW study.

In the RENEW study, both the conventional full-field VEP
(which was the primary endpoint of the study) and the mfVEP
latency demonstrated a larger improvement in ON eyes of
patients treated with opicinumab compared to placebo (Cadavid
et al., 2017; Klistorner et al., 2018), although this only reached

FIGURE 7 | Mean change in mfVEP latency, adjusted for the baseline latency
of unaffected fellow eye, at week 24 in the affected eye compared with the
unaffected fellow eye at baseline in the substudy ITT and PP populations [from
Klistorner et al. (2018)].

borderline significance. The average latency improvement in
treated eyes compared to placebo was 7.6 ms in full-field VEP
and 11.8 ms in mfVEP in the per-protocol population (Figure 7).
The mfVEP result, however, was achieved with half of the sample
size compared to full-field VEP (39 vs. 82 patients). The sample
size advantage of using mfVEP was confirmed by a post hoc
comparison of estimated effect size for change in mfVEP and full-
field VEP latency for opicinumab versus placebo at week 24 in
the intention-to-treat population, which showed that the mfVEP
demonstrated a larger treatment effect size than full-field VEP
(Klistorner et al., 2018).

Furthermore, while the high variability of full-field VEP
precluded any meaningful assessment of amplitude, analysis of
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mfVEP demonstrated evidence that fellow eye amplitude loss
occurs after ON but can potentially be prevented by opicinumab
treatment (Klistorner et al., 2018).

The RENEWED study also demonstrated higher sensitivity
of mfVEP in monitoring treatment-induced remyelination
compared to full-field VEP. The average difference between
latency recovery of mfVEP in the treated vs. placebo group
increased from 14.4 to 19.6 ms over the 2 years after treatment
was terminated, while full-field VEP demonstrated reduction of
latency recovery from 9.4 to 6.0 ms during the same period
(Aktas et al., 2020).

Further analysis of mfVEP revealed that in the opicinumab
group, there was a strong association between the degree of
latency delay at baseline (as measured at week 4) and the
latency recovery at RENEWED day 1 (r2 = 0.72, p = 0.004,
Pearson correlation coefficient). Conversely, the magnitude of
mfVEP latency recovery was limited in the placebo group and
did not correlate with initial degree of latency delay (p = 0.2)
(Klistorner et al., 2020), which was consistent with the results
of the “natural history” study of spontaneous optic nerve
remyelination following an episode of acute ON reported earlier
(Klistorner et al., 2010).

Therefore, in the presumed treatment-induced (opicinumab)
remyelination following acute ON, the degree of myelin recovery
was highly proportional to the extent of initial myelin loss
(Klistorner et al., 2020).

It must be noted that while the degree of acute
demyelination cannot often be assessed because of frequent
incidence of edema and conduction block, continuous
conduction along the demyelinated part of the affected
axons typically resumes by 3–4 weeks, which still provides
a good indication of the extent of original demyelination
(van der Walt et al., 2015).

CHRONIC LESIONS OF THE VISUAL
PATHWAY

While the clinical potential for remyelination of chronic lesions
is more challenging (see discussion related to “window of
opportunity” above), it is also extremely important since the
diagnosis of MS is typically delayed (Klistorner et al., 2017) due to
the fact that majority of MS lesions are clinically silent. As a result,
it is exceedingly difficult to identify acute lesions. In addition,
by the time of MS diagnosis, the patient often presents with a
number of chronic brain lesions.

The visual system can also be used to monitor myelin
alteration in chronic lesions. As stated above, since mfVEP
is generated at the level of primary (striate) visual cortex
but reflects the integrity of the full visual pathway, it is
affected by the speed of conduction and, therefore, degree
of de/remyelination along the entire pathway, including optic
nerve and OR. Accordingly, delay of mfVEP latency in non-
acute ON patients does reflect the combined effect of chronic
demyelination in both optic nerve and OR. Since the effect of
a chronic optic nerve lesion on mfVEP is usually monocular,
while OR lesions will yield binocular latency delay due to partial

FIGURE 8 | Pipeline for detecting optic radiation lesions. Optic radiation
(determined by tractography in yellow) is intersected with brain lesion mask
(red).

chiasmal crossing of visual pathway, this provides a point of
differentiation.

Quantitative investigation of the association between mfVEP
latency delay and MS-related damage of posterior visual
pathway was aided by the relatively recent development of
diffusion-based tractography, which enabled identification
and segmentation of major white matter tracts including ORs
(Sherbondy et al., 2008). Intersection of the brain lesion mask
with OR mask obtained using brain white matter tractography
(Figure 8) enabled accurate volumetric assessment of the
OR lesions and demonstrated significant association between
structural MRI-based estimation and electrophysiological
measurement of OR demyelination (Alshowaeir et al., 2014),
and confirmed the above relationship between OR lesions and
binocular latency delays.

Multifocal Visually Evoked Potential
Studies of Treatment-Induced
Remyelination of Chronic Lesions
The mfVEP has also recently been employed as a biomarker
for clinical trials to examine possible remyelination in chronic
lesions, in combination with MRI. The utility of the mfVEP
is further strengthened by our longitudinal analysis, which
demonstrated the remarkably stable nature of mfVEP latency
after 12 months in the absence of new lesional activity in the
visual pathway (Klistorner et al., 2020).

While patient recruitment within a short window after
symptom onset represents a limiting factor for acute ON trials,
selection of patients for remyelinating trials based on chronic
visual pathway lesions is less challenging. The main enrollment
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criteria for such trials are the presence of measurable mfVEP
signal (includes ∼95% of RRMS population) and significant
latency delay indicating chronic demyelination along the visual
pathway (includes ∼70% of RRMS population). Furthermore,
the sample size calculated for 12 months in a clinical trial of
a potential remyelinating agent based on latency of the mfVEP
revealed that a relatively small sample size would be required to
demonstrate efficacy of remyelination therapy (Klistorner et al.,
2020). This approach has been tested in a substudy of the large
clinical trial of opicinumab (SYNERGY, Biogen) and is currently
employed in the VISIONARY-MS trial to test the efficacy of
gold nanoparticles (Clene Nanomedicine, United States) and
the CCMR Two trial to test the combination of metformin
and clemastine (University of Cambridge, United States) in
remyelination of chronic MS lesions.

Multifocal Visually Evoked Potential in
Other Neurological Conditions
While mfVEP has also been used in monitoring other
neurological conditions, such as neurofibromatosis, Leber’s

optic neuropathy, chronic inflammatory demyelinating
polyneuropathy, optic disc drusen, chiasmal decompression,
compressive optic neuropathy, and schizophrenia (Semela et al.,
2009; Yamada et al., 2011; Raz et al., 2015; Ziccardi et al., 2015;
Malmqvist et al., 2017; Graf et al., 2018; Jayanetti et al., 2018), its
application is sporadic and clinical usefulness is limited.
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