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A biomarker of cognition in Multiple Sclerosis (MS) that is independent from the response of people with MS
(PWMS) to test questions would provide a more holistic assessment of cognitive decline. One suggested method
involves event-related potentials (ERPs). This systematic review tried to answer five questions about the use of
ERPs in distinguishing PwMS from controls: which stimulus modality, which experimental paradigm, which
electrodes, and which ERP components are most discriminatory, and whether amplitude or latency is a better
measure. Our results show larger pooled effect sizes for visual stimuli than auditory stimuli, and larger pooled
effect sizes for latency measurements than amplitude measurements. We observed great heterogeneity in
methods and suggest that future research would benefit from more uniformity in methods and that results should

be reported for the individual subtypes of PwMS. With more standardised methods, ERPs have the potential to be
developed into a clinical tool in MS.

1. Introduction

At present, disease severity in Multiple Sclerosis (MS) is most often
measured clinically using the Expanded Disability Status Scale (EDSS;
Kurtzke, 1983). However, this tool is recognised to lack precision and is
dominated by assessment of motor activity, particularly at its more se-
vere end (Meyer-Moock et al., 2014). The focus on motor activity means
that the EDSS does not necessarily provide a holistic assessment of
disability. For example, cognitive deficits are reported in 43 %-70 % of
People with MS (PwMS) (Chiaravalloti and DeLuca, 2008). These
cognitive deficits can often be detected in people with very mild disease,
for example, a radiologically isolated syndrome (Lebrun et al., 2010) or
a clinically isolated syndrome (Anhoque et al., 2012).

Several tests of cognitive function are already in clinical use,
including the Symbol Digit Modalities Test (SDMT; Smith, 1973) and the
Paced Auditory Serial Addition Test (PASAT; Gronwall, 1977). These

tests are not without criticism: for example, the SDMT, while being a
sensitive test, measures cognition in a non-specific manner (Sandry
et al., 2021; Berrigan et al., 2022), and the PASAT has been observed to
suffer from learning effects (Tombaugh, 2006; Nagels et al., 2008). In an
effort to provide a more complete assessment of cognition, test batteries
consisting of tests assessing individual cognitive domains have been
designed. Examples of such test batteries are the Minimal Assessment of
Cognitive Function in MS (MACFIMS; Benedict et al., 2006), TRACK-MS
(Taranu et al., 2022), and the Brief Repeatable Battery of Neuropsy-
chological Tests (BRBNT; Boringa et al., 2001). While providing a more
complete overview of cognition, the results of these tests are still
dependent on responses made by the participants. ERPs, while often
requiring a participant to generate a response, provide a direct mea-
surement of brain activity itself, thereby providing an additional
dimension to the quantification of cognitive functioning and offering a
potential advantage over more conventional neuropsychological testing.
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Accordingly, it has been suggested that the event-related potential
(ERP), an electrophysiological brain response time-locked to a stimulus,
might provide a more objective measure in this way (Newton et al.,
1989; Vazquez-Marrufo, 2017). ERPs have been studied in several
different neurodegenerative diseases, and many abnormalities have
been described (Tanaka et al., 2000; Turner et al., 2015; Covey et al.,
2017). The relative ease with which ERPs can be obtained (measure-
ments can be made from just a small number of electrodes), together
with research providing evidence that ERPs can detect compensatory
mechanisms before cognitive impairment becomes apparent, indicate
that ERPs might act as a clinically useful measure of disease severity
and/or prognosis in PWMS. Specifically, combining ERPs with individ-
ual tests such as the SDMT and PASAT or the aforementioned test bat-
teries could lead to a more holistic and objective assessment of cognition
in MS and, very possibly, provide evidence of abnormality before it
becomes detectable by the existing tests.

ERPs are measured using scalp electrodes that are most often
embedded in an electrode cap. The stimuli used can be cognitive, visual,
auditory, or tactile in nature, and the resulting ERPs are fairly stereo-
typed, with several components that are labelled according to their
polarity (i.e., whether the component has a negative or positive peak)
and their approximate latency. For example, P300 refers to a positive
potential occurring at around 300 ms after a stimulus (Luck and Kap-
penman, 2011). This differs from the analysis of electroencephalo-
graphic data in the frequency domain (Cohen, 2014), which has been
used both in clinical settings as well as to investigate cognition. In such
scenarios characteristics of the signal such as power in particular fre-
quency bands and connectivity are analysed (Leocani et al., 2010;
Sjogard et al., 2021; Jamoussi et al., 2023), rather than looking at spe-
cific responses in the time domain. Evoked potential (EP) studies in
clinical use, on the other hand, do analyse data in the time domain but
these tests, although sometimes used to provide information on broader
cognitive functioning (Hansch et al., 1982; O’Donnell et al., 1987),
generally focus on sensory pathway functioning rather than on specific
cognitive processes. The components measured during ERP experiments
can be related to specific processes, such as focusing attention on a
stimulus or making a decision about the stimulus, enabling the study of
different cognitive domains.

The current gold standard method to assess structural cortical
changes in MS is magnetic resonance imaging (MRI), with functional
MRI (fMRI) used as a method to measure cortical activity during tasks
(Filippi et al., 2010; Filippi and Rocca, 2013; Benedict et al., 2020). The
use of ()MRI has two major drawbacks. First, the high cost of MRI
equipment, often running in the millions of dollars, and the necessity for
MRI scanners to be housed in purpose-built facilities, make that it is
generally only available in areas with a sufficiently large population.
EEG equipment, on the other hand, is available for a fraction of the cost
of MRI scanners and can be set up in almost any room. Second, fMRI is
based on the haemodynamic response to stimuli, which is slower than
the underlying neural processes in response to the stimuli. This can be
partially alleviated by the experimental designs, but does not reach the
temporal specificity of ERP measurements (Glover, 2011).

Most research into degenerative diseases has looked at differences in
the latency and amplitude of ERPs. A good example involves Hunting-
ton’s Disease (HD) where differences in ERPs have been found between
people with clinical HD, people who are asymptomatic HD gene carriers,
and age-matched controls (Turner et al., 2015). ERPs have also been
studied in PwMS. Collectively, these studies have used many different
types of stimuli, required different types of responses, and measured
both amplitudes and latencies of ERPs in many different ways. This
means that it is difficult to determine from individual studies how ERPs
might best be used to study MS, and to determine the potential role of
ERPs in the diagnosis, assessment, and management of MS.

Accordingly, this systematic review set out to answer five questions
related to the use of ERPs in distinguishing PwMS from controls, namely:
(1) which stimulus modality (i.e., visual or auditory) is most
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discriminatory, (2) which experimental paradigm produces the most
discriminatory results, (3) which individual electrodes generate the best
results, (4) which electrophysiological component(s) of the ERP are
most discriminatory and, (5) whether amplitude or latency is a better
measure.

2. Methods

This review was carried out according to the Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines
for systematic reviews (Page et al., 2021), and was registered under the
international prospective register of systematic reviews (PROSPERO)
number CRD42020166633. Studies were retrieved from Medline,
Embase, and Cumulative Index of Nursing and Allied Health Literature
(CINAHL) databases in May 2023 using the search strategy “Multiple
Sclerosis” AND (“contingent negative variation” OR “event-related po-
tential” OR “readiness potential” OR “bereitschaftspotential” OR
“bereitschafts potential” OR “event-related brain potential” OR “event-
related auditory evoked potential”). Retrieved studies were screened for
duplicates and uploaded to Covidence (Babineau, 2014). After title and
abstract screening, a full-text review was carried out by two reviewers
with relevant and complementary experience; any conflicts were
resolved through mutual discussion or adjudication by a third reviewer.
Validity of the studies was assessed using the Risk of Bias Assessment
tool for Non-randomized Studies (ROBANS).

Studies were included if they met the following criteria:

Participants were 18 years of age or older.

A comparison was made between a control group and PwMS, or
between different subgroups of PwMS.

ERPs were measured during a cognitive task.

Specific values for latencies and amplitudes were reported or could
be reasonably accurately derived from published figures.

Studies into EPs, meaning those studies involving detection of an
electroencephalographic response to a stimulus without requiring any
cognitive processing of the stimulus, were excluded. However, because
the terms ERPs and EPs have sometimes been used interchangeably,
studies looking at ‘cognitive EPs’, meaning EPs that were measured
during a cognitive task, were included. Other studies that were excluded
were studies that were not original research, such as review articles,
studies that did not use ERPs as the comparator, such as studies into the
effects of drug interventions, studies in which ERP processing or the
study design could not be extracted from the text, and studies that
provided insufficient data for further analysis, such as conference ab-
stracts. Studies that did not measure ERP component and did not report
the temporal occurrence of responses were excluded. If a study into
rehabilitation or drug intervention included baseline data, these base-
line data were included. No limitations were placed on date of publi-
cation or language of publication.

For each study, the following information was extracted: de-
mographic information on the PwMS and controls, the cognitive para-
digm used, the neuropsychological tests that were administered, the
number of electrodes, the reference, and the sample frequency used, and
the latency and amplitude measures for each component of the ERP. In
the PwMS group, the EDSS score and MS subtypes relapsing-remitting
MS (RRMS), primary progressive MS (PPMS), and secondary progres-
sive MS (SPMS) were recorded.

Pooled effect sizes and confidence intervals were calculated for each
component and displayed as forest plots using RevMan 5.4 (The
Cochrane Collaboration, 2020). Effect sizes quantify the magnitude of
the difference between two groups. They have been used in medical
research to describe treatment effects, for example, and it is argued they
provide a better assessment of these effects than p-values alone
(McGough and Faraone, 2009). Hedges’ g was used to assess effect sizes:
an effect size of 0.2 or smaller was considered small, an effect size of
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Unclear study design (n = 10}
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Unclear ERP processing (n =4)
Unavailable articles (n = 2)

Fig. 1. PRISMA diagram from the 1133 identified to 40 included studies.

Table 1
Breakdown of participants in the 62 experiments. Ranges for all values across studies are given in brackets.
CIS RRMS PPMS SPMS BMS PwMS controls
average number of participants 20.5 28.6 N/A 16 9.7 32.2 26.3
[7-44] [11-72] [-] [9-10] [9-101] [7-89]
average number of female participants 16.3 18.2 N/A 11 6 18.6 17.9
[6-27] [7-51] [-] [-] [6-72] [4-51]
average number of male participants 8.7 10.4 N/A 5 3.7 9.9 10.0
[4-17] [0-32] [-] [3-4] [0-32] [0-38]
average age (years) 31.6 37.3 N/A 43.8 41.1 38.9 37.2
[27.4-40.4] [32.5-45.6] [-] [38.7-42.3] [27.4-51.0] [277-46.5]
average disease duration (years) 3.3 6.8 N/A 13.9 12.2 8.2 -
[0.4-4.9] [1.3-11.6] [-1 [12.1-12.4] [0.4-17.7]
average EDSS score 1.7 2.3 N/A 5.8 1.8 3.0 -
[1.4-3.0] [0.9-3.1] [-] [1.6-1.9] [0.87-5.78]

CIS: clinically isolated syndrome; EDSS: expanded disability status scale; PwMS: People with MS; RRMS: relapsing remitting MS; PPMS: primary progressive MS; SPMS:
secondary progressive MS; BMS: benign MS. Note: average numbers for female and male participants may not correspond to averages for all participants because the

number of studies reporting numbers for female and male participants differ.

0.2-0.5 medium, and an effect size of 0.8 or more large (Sullivan and
Feinn, 2012). A list of reviewed studies can be found in Supplement 1.

3. Results

In total, 1133 studies were retrieved, of which 588 remained after
removal of duplicates. 448 studies were removed based on title and/or
abstract, and another 100 were excluded after a full-text review. Data
were extracted from the remaining 40 studies (Fig. 1).

In all, the 40 studies reported on a total of 62 experiments. Of these
experiments, 33, 8, and 6 reported on people with RRMS, SPMS, and
PPMS, respectively, and 4 experiments included people with Clinically
Isolated Syndrome (CIS). Eleven studies included PwMS with different
subtypes of MS but did not distinguish between the subtypes when

analysing the results. Unfortunately, demographic data on people with
PPMS were not provided by the specific studies so this information was
not available for inclusion in Table 1. Study population sizes ranged
from 19 to 172, with an average of 32 PwMS and 26 controls per study.
In the studies that reported on the sex of participants, 62.5 % of PwMS
were female compared to 63 % of controls. Unfortunately, while most,
but not all, studies reported characteristics such as sex, age, disease
duration, and EDSS score, characteristics such as ethnicity were absent.
Participant demographics are provided in Table 1 and details per
experiment can be found in Supplement 2.

Five experimental paradigms, namely the oddball paradigm, Posner
paradigm, n-back tasks, choice reaction experiments, and sensorimotor
integration paradigm (see Supplement 3 for general examples of these
paradigms), were used in more than one experiment. Table 2 provides
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Table 2
Overview of the experimental paradigms that were used in more than one
experiment.

Experimental paradigm N N visual and auditory
experiments experiments
Oddball experiments 42
visual 8
auditory 34
Posner paradigms 4
visual 4
Choice reaction 3
experiments
visual 2
auditory 1
N-back tasks 2
visual 2
Sensorimotor 2

integration paradigm
multimodal 2

an overview of these paradigms, but a full overview of paradigms and
experimental settings used per study can be found in Supplement 4. Most
studies reported on oddball experiments, in which participants are
presented with a string of stimuli of which some differ. The participants
have to either count these ‘oddballs’ or respond to them through, for
example, a button press. While the aim of the paradigm is the same,
there were large differences in individual paradigms. There was
considerable variation in the number of stimuli per experiment, ranging
from 100 to 900 for auditory stimuli and 100 to 400 for visual stimuli. In
addition, the frequency of the tone used in auditory experiments was
also variable, with the oddball tone ranging from 1000 Hz to 2000 Hz
and the standard tone from 500 Hz to 1000 Hz. Even though differing in
their specifics, most oddball experiments used auditory stimuli and
asked participants to count the number of oddballs.

In the Posner paradigm experiments (Posner, 1980), the paradigms
were more uniform. A participant was first shown a cue in the form of an
arrow, followed by a target or standard stimulus. Participants had to
withhold responses to the standard stimulus and press the left or right
button depending on the side on which a target stimulus appeared.
(Gonzalez-Rosa et al., 2006; Vazquez-Marrufo et al., 2009; Gonzalez-
Rosa et al., 2011) For the choice reaction experiments, (Sundgren
et al., 2015; Cooray et al., 2020), participants were presented with two
different auditory or visual stimuli and asked to press a button that
corresponded to the presented stimulus with their left or right index
finger. In the n-back tasks, (Covey et al., 2017) participants had to
compare the current letter that was being presented to a letter presented
n stimuli earlier. They pressed two buttons with their thumbs if they
detected a match, and two different buttons if there was no match. The
study also included a 0-back experiment where participants had to press
a button the moment a stimulus appeared, effectively making it a choice-
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reaction experiment. In the sensorimotor integration experiments (Uysal
et al., 2014), participants were presented with a warning tone, followed
by stimulus 2 s later to which they had to respond as quickly as possible
by pressing a button with their dominant hand. Supplement 4 provides
an overview of experimental parameters per experiment.

The many differences in experimental paradigms required analysis
from several different angles. In order to address the five questions listed
in the introduction, the results of the relevant studies had to be collapsed
across different paradigms, electrodes, modalities, etcetera, even though
the data were very heterogeneous.

3.1. Comparison of auditory and visual stimuli

Overall, studies using visual stimuli generated greater effect sizes
(Fig. 2) and there was a larger difference for latency than for amplitude.
Pooled effect sizes for latency measurements were 0.3 CI: 0.15, 0.46]
and 0.68 CI: 0.55, 0.81] for auditory and visual stimuli, respectively,
while the same measurements for amplitude were 0.15 CI: 0.05, 0.26]
and 0.52 CIL: 0.42, 0.62].

3.2. Comparison of experimental paradigms

Oddball experiments made up approximately 63 % of experiments
but the Posner paradigm produced the largest pooled effect size for la-
tency (Fig. 3a) and the Attention Network Test (ANT) produced the
largest effect size for amplitude (Fig. 3b). Latencies were longer for
PwMS than controls except for the working memory tasks and modified
Iowa Gambling Tasks (marked with an asterisk).

3.3. Comparison of electrodes

Almost all experiments reported measurements from electrodes Fz,
Cz, and Pz. (Fig. 4). Latency measurements were largest for electrode Cz
(ES = 0.84 0.62, 1.05]), while the pooled effect size for Fz was notice-
ably smaller. Pooled effect sizes for all three electrodes were smaller for
amplitude measurements than for latency measurements.

3.4. Comparison of ERP components

The precise component of the ERP that was measured in each
experiment depended on the paradigm used. As expected from the large
number of oddball experiments, the component that was most often
measured was P300, followed by N100 and N200 (Fig. 5). The N200-
P300 complex was frequently measured as a single entity: this mea-
sure refers to the peak-to-peak difference in amplitude between the
N200 to P300 components, as these two potentials immediately follow
each other. For latency measurements, P300 and N200 produced the
largest pooled effect sizes, followed by P150, but this was based on only
1 experiment, resulting in a large confidence interval. In auditory

Effect sizes for stimulus modalities

Latency visual stimuli (n=79)

Amplitude visual stimuli (n=71)

Latency auditory stimuli (n=166)
Amplitude auditory stimuli (n=155)

-0.5

o
@
—@—
@
0 0.5 1 1.5 2

Fig. 2. Pooled effect sizes and 95% confidence intervals comparing visual and auditory stimuli for latency and amplitude. ‘n’ refers to the total number of mea-
surements made across all experiments, because multiple measurements from different electrodes were often made in any given experiment.
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Effect sizes for latencies

Posner paradigm (n=29) —e—1
Oddball (n=140) o
Choice reaction task (n=8) —eo—
Short-term memory task (n=20) —e—
Attention Network Test (n=2) e
Stroop task (n=10) —e—
Modified lowa Gambling Task* (n=4) —e—
Norking memory task*® (n=27) —o—
Mismatch Negativity paradigm (n=5) ——
-0.5 0 0.5 1 15 2
a)
Effect sizes for amplitudes
Attention Network Test (n=4) e
Working memory task (n=42) @
Flanker stop task (n=4) —e—
Choice reaction task (n=8) A
Mismatch Negativity paradigm* (n=5) —e—
Short-term memory task (n=16) e
Oddball (n=127) —o—
Modified lowa Gambling Task* (n=4) —e—
Posner paradigm® (n=32) —e—
-0.5 0 0.5 1 15 2
b)

Fig. 3. a and b. Pooled effect sizes and 95% confidence intervals for the experimental paradigms looking at latency (a) and amplitude (b). ‘n

> refers to the total

number of measurements made across all experiments, because multiple measurements from different electrodes were often made in any given experiment. In
measurements with an asterisk, measurements for PwMS were larger than those of controls, while all other measurements were larger for the control group.

experiments, the largest pooled effect sizes for amplitude were observed
at the contingent negative variation (CNV, g = 0.9 0.46, 1.35]). The
Error-Related Negativity (ERN, g = 0.68 0.3, 1.06]), which is the po-
tential that occurs when a participant commits an error in a cognitive
task, and P600 (g = 0.63 0.51, 0.75]), generated the second and third
largest pooled effect sizes.

3.5. Comparison of latency and amplitude

Effect sizes for individual latency measurements ranged consider-
ably, with a value of 1.51 for shorter latencies in PWMS at one extreme to
5.02 for shorter latencies in controls at the other. In total, there were 34
measurements in which latencies in PwWMS were shorter than those in
controls compared to 211 measurements in which latencies were shorter
in controls. Regarding amplitude measurements, effect sizes ranged
from 1.47 higher in PWMS to 22.98 higher amplitudes in controls. In
total, there were 83 measurements in which amplitudes in PwMS were
higher than those in controls compared to 143 measurements in which

amplitudes were higher in controls.

Overall, latency produced larger pooled effect sizes than amplitude
when comparing experiments with auditory and visual stimuli. When
pooling based on electrode location, latency produced larger pooled
effect sizes for all three locations. For the modified Iowa Gambling Tasks
(mIGT), the short-term memory tasks, the oddball experiments, and the
Posner paradigm experiments, latency produced larger pooled effect
sizes, while the pooled effect sizes produced by measuring amplitude
were larger for the n-back tasks, working memory tasks, and the ANTs.
Interestingly, the largest individual pooled effect size occurred for the
amplitude measurements in the ANTs. When calculating pooled effect
sizes for components, the latency pooled effect sizes were larger for
components N100, N200, P200, and P300, while amplitude pooled ef-
fect sizes were larger for P100 and P600.

3.6. Direction of effects

As mentioned above, not all effect sizes were in the same direction.
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Effect sizes for electrodes

Latency electrode Fz (n=35) —e—i
Amplitude electrode Fz (n=29) —e—
Latency electrode Cz (n=46) —e—
Amplitude electrode Cz (n=47) —e—
Latency electrode Pz (n=70) —e—
Amplitude electrode Pz (n=63) —e—i
-0.5 0 0.5 1 1.5 2

Fig. 4. Pooled effect sizes and 95% confidence intervals for measurements derived from electrodes Fz, Cz, and Fz for latency and amplitude. ‘n’ refers to the total
number of measurements made across all experiments, because multiple measurements from different electrodes were often made in any given experiment.

Effect sizes for latencies

300 (n=95) i
N200 (n=38) —o—i

P150 (n=1) [P

P200 (n=31) —

N100 (n=38) ——i

N400 (n=2) °

P100 (n=16) e
P600* (n=15) ——

MMN (n=1) ——————

0.5 0 0.5 1 15 2
a)
Effect sizes for amplitudes

CNV (n=12) —_— e

ERN* (n=2) ——————

P600 (n=30) —o—i

P100 (n=13) ————i

300 (n=84) e
N200* (n=19) e

MMN (n=5) ————
P200* (n=23) ———
N100* (n=30) e e
0.5 0 05 1 15 2
b)

Fig. 5. a and b. Pooled effect sizes and 95% confidence intervals for the
different ERP components looking at latency (a) and amplitude (b). ‘n’ refers to
the total number of measurements made across all experiments, because mul-
tiple measurements from different electrodes were often made in any given
experiment. In measurements with an asterisk, measurements for PWMS were
larger than those of controls, while all other measurements were larger for the
control group.

For most paradigms, latencies were longer and amplitudes lower for
PwMS compared to controls, but this was not the case in experiments
using the mIGT and working memory tasks for latencies, and Posner
paradigms, the mIGT, and mismatch negativity tasks for amplitudes.
Components, locations and stimulus modality leading to these results
vary. P300 was measured from electrode Pz at four different moments
during a visual mIGT, with latencies being longer for controls than

Table 3
An overview of the versions of the SDMT and PASAT as described by the authors
in case such details were provided.

SDMT PASAT
Reference Version Reference Version
Artemiadis et al., 2018 Oral SDMT Covey et al., 2017 2-second
PASAT
3-second
PASAT
Bissonnette et al., 2023~ Oral SDMT Gerschlager et al., Easy
2000 PASAT
Hard
PASAT
Chinnadurai et al., Oral 60 s Kocer et al., 2008
2016 modified SDMT
Oral 180 s
modified SDMT
Covey et al., 2017 Rao adaptations Lépez-Gongora 2-second
etal, 2015 PASAT
3-second
PASAT
Lopez-Gongora et al., Oral SDMT Magnié et al., 2007 3-second

2015 PASAT

Paolicelli et al., 2021 Paolicelli et al., 3-second
2021 PASAT
5-second
PASAT
Pokryszko-Dragan Pokryszko-Dragan 3-second
et al., 2016a et al., 2016a PASAT
Pokryszko-Dragan Pokryszko-Dragan
et al., 2016b et al., 2016b
Vazquez-Marrufo et al., Uysal et al., 2014 3-second
2008 PASAT
Vazquez-Marrufo et al., Vazquez-Marrufo 3-second
2014 etal, 2014 PASAT
Vazquez-Marrufo et al., Vazquez-Marrufo 3-second
2019 etal., 2019 PASAT
Waliszewska-Prosot
et al., 2018

PwMS for all four, but amplitude only being larger for PwMS than
controls in one measurement, and P600 showed longer latencies in an
auditory working memory task at 9 of 15 measured locations, mainly
over frontal and central electrodes. 3 out of 5 measurements in electrode
Fz during a mismatch negativity experiment showed larger amplitudes
for PWMS than controls, while the majority of measurements during the
Posner paradigm for components N100, N200, and P200 were larger for
PwMS than controls in unspecified electrodes. Lastly, two measurements
of the ERN during a flanker test also showed larger amplitudes for PwMS
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than controls.
3.7. ERP components and neuropsychological tests

Of the forty studies included in this systematic review, 26 also re-
ported on the results of neuropsychological tests. Of the 26 studies, 12
employed the SDMT and 11 employed the PASAT (see Table 3 for details
on the versions used) but not all studies reported on the relation between
the results of the tests of cognitive function and the ERPs. Supplement 5
provides an overview of the individual tests used in the various studies.

For the SMDT, two studies (Chinnadurai et al., 2016; Artemiadis
et al., 2018) found a difference between controls and PwWMS, four studies
(Lopez-Gongora et al., 2015; Covey et al., 2017; Waliszewska-Prosot
et al., 2018; Paolicelli et al., 2021; Bissonnette et al., 2023) found no
difference, and five (Vazquez-Marrufo et al., 2008; Vazquez-Marrufo
et al., 2014; Pokryszko-Dragan et al., 2016a; Pokryszko-Dragan et al.,
2016b; Vazquez-Marrufo et al., 2019) did not report on the comparison
between controls and PwMS. Nine of these studies (Vazquez-Marrufo
et al., 2008; Vazquez-Marrufo et al., 2014; Lopez-Gongora et al., 2015;
Chinnadurai et al., 2016; Pokryszko-Dragan et al., 2016b; Covey et al.,
2017; Waliszewska-Prosot et al., 2018; Artemiadis et al., 2018) found
differences in their ERP measurements between controls and PwMS. Of
these, two (Vazquez-Marrufo et al., 2014; Artemiadis et al., 2018) re-
ported a correlation between ERP measurements and the SDMT results
with correlations between worse SDMT performance and CNV ampli-
tude, longer P300 latency, and reduced P300 amplitude. One study
(Covey et al., 2017) reported no significant group differences in the
SDMT between controls and PwMS, but did find more variability in
PwMS, as well as different relationships between ERPs and SDMT score,
with P300 latency on a 2-back task being predictive of SDMT perfor-
mance in controls. Two studies (Lopez-Gongora et al., 2015;
Waliszewska-Prosot et al., 2018) found differences in ERP but no cor-
responding difference in SDMT.

For the PASAT, three studies (Gerschlager et al., 2000; Uysal et al.,
2014; Paolicelli et al., 2021) found a difference between controls and
PwMS, three studies (Kocer et al., 2008; Lopez-Gongora et al., 2015;
Covey et al., 2017) found no difference, and five (Magnié et al., 2007;
Vazquez-Marrufo et al., 2014; Pokryszko-Dragan et al., 2016a;
Pokryszko-Dragan et al., 2016b; Vazquez-Marrufo et al., 2019) did not
report comparisons between controls and PwMS. Eight studies (Magnié
et al., 2007; Kocer et al., 2008; Uysal et al., 2014; Vazquez-Marrufo
et al., 2014; Lopez-Gongora et al., 2015; Pokryszko-Dragan et al., 2016a;
Pokryszko-Dragan et al., 2016b; Covey et al., 2017) reported differences
in ERPs between controls and PwWMS. Two studies (Magnié et al., 2007;
Uysal et al., 2014) found a correlation between PASAT and ERP: one
study reported a correlation between PASAT and the P300 amplitude in
a visual oddball experiment while the other reported that an increase
CNV amplitude correlated with a better PASAT performance. One study
(Covey et al., 2017) reported P300 amplitude on the 2-back task in
electrode Pz was predictive of performance of PWMS in the 2- and 3-sec-
ond PASAT. Additionally, reduced P100 amplitude in electrode Pz on
the 2-back task was associated with better performance by PwMS on the
2-second PASAT.

4. Discussion

This study reviewed the existing literature to determine which
stimulus modality, experimental paradigm, scalp electrode, ERP
component, and parameter were most discriminatory between PwMS
and controls in cognitive ERP experiments, with a view to trying to
standardise future experiments using this technique. Overall, the largest
pooled effect sizes were seen for visual stimuli, the Posner and ANT
paradigms, and electrode Cz. The ERN and P300 were the best-
performing ERP components, and latency was more discriminatory
than amplitude.

Collapsing across the various studies, visual stimuli produced larger
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pooled effect sizes than auditory stimuli, regardless of whether they
were expressed in terms of latency or amplitude. This difference was
especially noticeable for amplitude measurements where visual stimuli
produced an overall pooled effect size of 0.52 while auditory stimuli
resulted in a pooled effect size of only 0.15. Interestingly, there were
more measurements from experiments using auditory stimuli than from
experiments using visual stimuli, mostly because of the large number of
auditory oddball experiments. Given the more discriminatory results
produced by the experiments using visual stimuli, this seems to be the
better modality to use in future experiments.

An important consideration is that some of the difference found be-
tween visual and auditory stimuli may relate to fact that visual distur-
bance, particularly in the form of optic neuritis (Chan, 2002), is common
in PwMS. Involvement of the auditory pathways is relatively rare.
Indeed, in some of the studies reviewed here, it was observed that the
latency of N100, a component associated with attention, was prolonged
with visual stimuli (Vazquez-Marrufo et al., 2014). Research elsewhere
(Covey et al., 2021) has shown that there may be an impairment of
integration of visual information. To clarify this issue, future research
will need to look into the correlation between visual function and the
ERP.

Analysis of experimental paradigms revealed that oddball paradigms
were by far the most frequently used paradigm, particularly as an
auditory version. However, this paradigm did not produce the largest
pooled effect sizes, either for latency or amplitude. Other paradigms,
like the Posner paradigm (measuring latency) or the ANTs (measuring
amplitude), produced much larger effect sizes than the oddball para-
digm. While this finding could relate to the issue of visual involvement
in PWMS discussed above, the lack of available information about par-
ticipants’ visual function made it impossible to comment on this issue
here. The ANT results of g = 1.57 (CI = 1.26, 1.88]) would need further
investigation, as these are generally only observed for very noticeable
differences between the groups that are being compared (Hilgard 2021).
For example, the difference in height between men and women born in
Spain in 1980 produces a Hedges’ g of 1.87, based on data reported by
(Garcia and Quintana-Domeque, 2007).

The vast majority of experiments reported results from the three
midline electrodes Fz, Cz, and Pz, with only few reporting results in
other electrodes. This observation held true across all experiments
regardless of the paradigm used. In this regard, the positioning of a
midline electrode does not relate well to specific underlying brain areas
and, therefore, it is difficult to draw any ‘anatomical’ functional con-
clusions from the results provided by these electrodes. However,
placement of midline electrodes is relatively easy, making them poten-
tially more convenient for future clinical use.

Overall, latency measurements produced larger effect sizes for all
electrodes than amplitude measurements, Cz produced the largest
pooled effect sizes for both latency and amplitude measurements, and Pz
produced larger pooled effect sizes than Fz. Based on these results it
would be worth exploring central and posterior electrodes, possibly
using regions of interest (ROIs) instead of single electrodes or inde-
pendent components, if high-density electrode setups with 128 or more
electrodes are available.

The exact component that was reported by each of the studies
appeared to depend on which experimental paradigm was employed.
For example, P300 and N200 were most frequently measured during
oddball experiments. In fact, the overall effect sizes for latency at both
P150 and N400 were larger than those at P300, and P600 performed
better when measuring amplitude. These larger effect sizes were, how-
ever, based on a relatively small number of measurements, often from
different sections of the same experiment. It was therefore not possible
to determine conclusively which EEG component was best at dis-
tinguishing PwMS from controls.

In general, latency measurements produced the largest effect sizes,
though the largest effect size overall was seen for amplitude in the ANTs.
However, this latter result was derived from only four individual
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Table 4
An overview of recommendations for future studies.
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1) Visual stimuli are preferable to auditory stimuli
2) Paradigms other than the oddball paradigm are likely to be more discriminatory
3) Sufficiently large cohorts are required to generate meaningful results

4) Reporting of measured latencies and amplitude in ms and pV, respectively, as such measurements permit easier comparison

5) The precise subtype of MS being studied should be clarified

experiments, compared with 85 for oddball experiments, making com-
parison difficult. The same was true for many of the other measure-
ments, meaning that further investigation is required before drawing a
definitive conclusion.

The direction of effects was not the same in each study and for each
component. Unfortunately, the results that produced these differences
come from very different studies, hindering comparison. For example,
the two studies producing shorter latencies for PwWMS than controls
measured P300 and P600, respectively, from different electrodes and
using visual stimuli in one experiment and auditory stimuli in the other.
For the amplitude measurements that were larger for PwMS than con-
trols, the study providing most of the results did not specify which
electrodes were used. This heterogeneity in methods and the fact in-
formation for comparison is missing means the differences can be noted
but not further analysed.

This study has the following two main limitations. First, the litera-
ture consisted of reports of many different experimental arrangements in
each individual study, meaning that the numbers pertinent to any one
group were often very small. The way this was dealt with here was to
collapse across paradigms, electrodes, etc. to try to generate an overall
‘summary’ picture. This means that the heterogeneity for any compar-
ison was very large. It is likely that more meaningful (and clinically
useful) results would be obtained if researchers adopted a more stand-
ardised methodology in the future. To assist with this, we have provided
recommendations for future research in Table 4.

A second limitation of our research is that the results presented here
treat PWMS as a single entity. ‘PwMS’ actually comprises several
different clinical subtypes such as RRMS, PPMS and SPMS, and clinically
or radiologically isolated syndromes. While some information about
subtype was available, the numbers were too small to allow meaningful
comparison. With this in mind, however, it is important for future in-
vestigators to clarify the precise subgroup of MS being studied.

Another important consideration is that there may have been an
effect arising from technical issues such as the type of electrode used, the
method of electrode application, or the location of the reference elec-
trode. Granted the large variation in the information provided by the
various studies (where this was available) this issue could not be com-
mented on here. However, it is worth pointing out that it would be
important to assess this in future studies.

The review presented here synthesised results from research over a
period of more than 30 years, from 1992 (Filippi, 1992; Giesser, 1992;
Honig, 1992) until April 2023. (Bissonnette et al., 2023) In doing so, this
review provides an overview of the most prevalent paradigms and
methods, similar to reviews that synthesized results in other neurode-
generative diseases (Seer et al., 2016), and, by doing so and in combi-
nation with other reviews, can help inform decision making about
experimental setups not only in MS but also other diseases.

More broadly, research into cognitive performance of PWMS, would
benefit from a more uniform and shared approach to data collection,
analysis, and reporting methods, and results should be reported for the
different subtypes of PWMS. In particular, equipping research into ERPs
in the investigation of cognitive performance of people with MS with
more standardised methods, would facilitate the potential of ERPs to be
developed into a clinical tool in MS. Such more uniform and shared
approaches have been successful in driving transformational research in
other medical informatics contexts (Chapman et al., 2011; Huang and
Lu, 2016) and are hence likely to benefit studying clinical markers of MS

as well. If this can be accomplished, ERPs may become useful in the
management of MS, by providing a more objective measure of cognitive
function. This would potentially assist PWMS, who are often uncertain
about what the future holds for them (Hossain et al., 2022), by providing
greater clarity on their individual rate of disease progression, as well as
by providing a useful measure of the effectiveness (or not) of disease-
modifying medication (Capone et al., 2020; Gerschlager et al., 2000).
At this point, however, considerable further work is required before the
ERP can be considered clinically useful.

5. Conclusion

This study has synthesised a substantial body of existing work with a
view to assisting future studies to use the most discriminatory experi-
mental setups, i.e. those that distinguish best between PwMS and con-
trols. Our results show visual stimuli are preferable over auditory
stimuli, and that paradigms other than the oddball paradigm (which has
been most frequently used in the past) are likely to provide better re-
sults. To derive more conclusive outcomes, larger cohorts are needed,
and any results should be divided into specific MS subtypes and reported
in terms of raw numbers. In summary, future work looking at the role of
ERPs in PWMS would benefit from a more systematic and uniform
approach to collection, analysis, and reporting methods. However, the
results show that, with more standardised methods, ERPs have signifi-
cant potential to contribute to the clinical assessment of PWMS, possibly
as an objective biomarker of cognitive decline in the disease. This would
provide additional information to that provided by the EDSS, generate a
more holistic assessment of patients and, therefore, offer an improved
health experience to PwMS.
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