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Abstract

Multiple sclerosis (MS) is an autoimmune, inflammatory condition causing myelin damage
and axonal degradation. Loss of myelin and axons causes impaired signal propagation
throughout the body and impacts sensory and motor functions. Over recent decades, the
presence of cognitive symptoms in MS has also been acknowledged. Cognitive
impairment is also a frequently reported and distressing symptom of several other
neurodegenerative conditions including amyotrophic lateral sclerosis (ALS). Impairments
in cognition are now well recognized in these conditions, and an extensive body of
research has characterized the extent and domains of this cognitive impairment in each

condition.

However, measuring and tracking these changes clinically remains a challenge. Clinical
measurement of cognitive impairment is generally accomplished through batteries of
neuropsychological tests. These tests are extremely useful for diagnosing cognitive
dysfunction and can provide information on the severity and the specific domain of the
impairment. However, neuropsychological testing is time consuming, requires a trained
experimenter, and can be impacted by practice. These factors make neuropsychological
testing impractical for frequent or repeated use, such as in a clinical trial. Additionally, the

tests do not provide information about underlying neural dysfunction.

Electroencephalography (EEG) is a safe, well-tolerated technique to directly measure fast
neural activity. It has been proposed as an effective tool to measure biomarkers of
cognitive impairment in neurodegenerative disease, and EEG alterations have been
observed in MS and ALS. This project sought to use EEG to quantify cognitive changes in

MS and to compare these changes with those observed in ALS.

83 people with MS, 74 people with ALS, and 130 healthy controls were included
throughout this study. High-density EEG (128-channel) was recorded from each
participant during a passive auditory frequency oddball paradigm, the sustained attention
to response task (SART), and blocks of resting state with open eyes. Event-related
potentials were extracted from the auditory oddball and SART data and compared among
people with MS and healthy controls. ERPs were also compared among people with MS,

people with ALS, and healthy controls to evaluate whether the similar cognitive
Vi



impairments observed in these conditions resulted from similar or divergent neural
alterations. The test-retest reliability of these methods was also evaluated. Additionally,
microstates were calculated from the resting state data, and their parameters were

compared among subgroups of people with MS and controls.

The analyses revealed that P2, N2, and P3 ERPs produced during the SART have excellent
reliability upon repeat testing, while the MMN produced during an auditory oddball
should be used longitudinally with caution. No differences were found between any
subgroup of MS and healthy controls on the MMN, in contrast to the altered MMN seen
in ALS. In contrast to the MMN, the P2, N2, and P3 elicited from the SART were affected
in MS, and several of these markers differed among MS subtypes. The pattern of these
alterations differed in MS and ALS. Microstate parameters were largely unaffected in MS,
but participants with secondary progressive MS (SPMS) differed from controls and
participants with relapsing remitting MS (RRMS) in the duration of microstate B. This
suggests that microstate Class B could be investigated further as a biomarker of the

RRMS-to-SPMS transition.

In conclusion, EEG can quantify cognitively related neural dysfunction in MS and within
MS subtypes. People with MS showed alterations in EEG microstates and in ERPs
produced during the SART, but not on an MMN elicited during an auditory oddball.
Furthermore, the SART method was shown to be a good tool for longitudinal studies due
to its excellent test-retest reliability. These SART ERPs were also shown to be specific to
MS, rather than reflective of general neurodegenerative processes. These results pave the
way for future longitudinal EEG analysis of cognition in MS with the goal of developing
robust biomarkers for the diagnosis, prognosis, and stratification of cognitive impairment

in MS.
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Lay abstract

What is MS?

Multiple sclerosis (MS) is a condition that causes damage to the protective coating on neurons,
which are the cells that send and receive signals around your body.

Aims of the project

This project aimed to move away from pencil-and-paper tests or interviews and compare EEG
(brain) signals between people with and without MS.

It also compared the EEG signals between people with MS and people with amyotrophic lateral
sclerosis (ALS). ALS is another neurological condition that can affect thinking.

Results

We found that some EEG responses are different between people with MS and people without
MS. Some responses are also different between people with different types of MS. This means
that these signals may be able to tell us about thinking changes in these groups.

People with MS and people with ALS also show different EEG signals. This means that even though
the thinking changes are similar in these conditions, they are not caused by the same brain
changes.

Some of the EEG signals are stable when they are measured multiple times in people without MS.
This means that these signals could be used to measure thinking repeatedly in MS, such as in a
clinical trial.

Background

Many people with MS have changes to their thinking. These changes can impact learning,
memory, attention, and other brain functions. Thinking problems are usually measured using
pencil-and-paper tests or interviews. The tests show what parts of a person’s thinking are
impacted and how badly.

However, these tests have some problems that mean they are not normally used in clinical trials,
which are research studies testing new medicines. The problems include:

e Trained psychologists must run the test, which costs money

o People can get better at the tests if they take them more than once

e The tests cannot tell us what brain changes cause these thinking problems
Why use EEG?

An electroencephalogram (EEG) is a sensor that safely and painlessly records your brain’s
electrical activity from on top of your scalp or hair. Unlike a thinking test, an EEG test can be
repeated and can give information about the function of your neurons. Other scientists have

linked thinking changes to changes in EEG signals.

viii
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Chapter 1
Introduction

Chapter summary

This chapter provides an overview of multiple sclerosis with a brief mention of ALS for
comparative purposes. A discussion of biomarkers and their potential applications for

cognition in neurodegenerative diseases follows.

Multiple sclerosis

Multiple sclerosis (MS) is an inflammatory autoimmune disease that causes
demyelination, leading to a range of sensory and motor symptomes. It is one of the leading
causes of neurological disability in younger adults worldwide and affects over 2.8 million
people (Walton et al. 2020). Recently, increased attention has been given to the cognitive
and psychiatric symptoms of the condition, with the percentage of people with MS
exhibiting cognitive and psychiatric symptoms estimated at between 45-70% and 20-50%,
respectively (Chiaravalloti and DelLuca 2008; Patten et al. 2017).

Epidemiology

MS generally presents in adults between the ages of 20-40, with a global average age of
onset of 32 years (Walton et al. 2020). However, approximately 10% of MS cases have a
pediatric onset (Yeshokumar et al. 2017)2. It is approximately twice as prevalent in
women than in men, though this ratio is closer to 3:1 in Ireland (Walton et al. 2020;
O’Connell et al. 2017). Both the incidence and female:male sex ratio of MS have increased
over time (Walton et al. 2020; Filippi et al. 2018). This increase in incidence may be
partially attributable to improved methods for and access to MS diagnosis over time. The
higher and increasing rate of MS in women could reflect hormonal mechanisms of MS
development or environmental factors disproportionately affecting women. For example,
obesity and oral contraceptive use are associated with higher rates of MS (Nova et al.

2024; Larsson and Burgess 2021).

! pediatric MS is not addressed in this thesis. However, cognitive impairment is observed in children with
MS and affects psychological and academic outcomes (Banwell and Anderson 2005; MacAllister et al. 2005;
Amato et al. 2014; Weisbrot et al. 2014). Future work could apply the methods discussed in this thesis to
identify reliable biomarkers of cognitive impairment progression and impact in this population.
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The prevalence and incidence of MS varies widely among countries and ethnic groups.
Generally, higher rates are seen in those with white European ancestry (including high
rates in North Americans and Australians of European descent) and lower rates are seen
in Africa and Asia and in those with African or Asian ancestry (Walton et al. 2020). Several
environmental and genetic factors could contribute to these variations in global

frequency.

Environmental risk factors

Several environmental risk factors for MS have been identified including latitude, Vitamin
D exposure, smoking, and Epstein-Barr virus (EBV) infection. The rate of MS prevalence is
higher at higher latitudes (Simpson et al. 2019). This may be due to a combination of both
genetic effects and amount of sunlight exposure, which is lower at higher latitudes.
Sunlight exposure (via ultraviolet radiation) is one mechanism of Vitamin D production in
the body, along with nutritional Vitamin D. Lower serum Vitamin D levels and Vitamin D
deficiency are associated with increased risks of developing MS (Vandebergh et al. 2022;
Balasooriya et al. 2024; Gombash et al. 2022). Lower Vitamin D levels are also associated
with increased disability and relapse risk (Oliveira et al. 2017; Ascherio et al. 2014).
However, dietary supplementation of high-dose Vitamin D does not appear to have a
substantial impact on disability or relapse in people with MS (Mahler et al. 2024).
Seasonal variations are another piece of evidence supporting a role for Vitamin D in MS
development and progression. MS risk varies by season of birth, with greater risk for
people who were born in the spring (low sunlight winter gestation) than for people born
in the autumn (high sunlight summer gestation)(Pantavou and Bagos 2020). In addition,
relapse rates are lowest in the late summer and autumn and highest in the early spring
(Nabizadeh et al. 2022). These observations suggest that decreased Vitamin D levels due
to lower sun exposure during the winter months could contribute to this increased risk of

developing MS or experiencing a relapse.

Along with sunlight and Vitamin D, smoking is one of the most established environmental
risk factors for MS development and progression. Smoking increases the risk of
developing MS (Olsson et al. 2017; McKay et al. 2017). The risk posed by smoking is
cumulative over the lifespan and higher smoking levels are connected to faster disease
progression and conversion from RRMS to SPMS (Filippi et al. 2018; Gouider et al. 2024).
Environmental cigarette smoke exposure (“second-hand smoking”) is also associated with
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an increased risk of developing MS (Schlindwein et al. 2024). In contrast, nicotine use may
decrease MS progression (Hedstrom et al. 2013; Wu et al. 2023), suggesting that non-
nicotine compounds in cigarette smoke may drive the increased risk reported by other

studies.

Epstein-Barr virus (EBV) is another environmental risk factor for MS and shows the
strongest evidence for potential causality of the known MS risk factors. A landmark study
by Bjornevik et al. (2022) confirmed the effect of EBV on the development of MS
hypothesized by previous associative studies. This study made use of longitudinally
collected blood samples from over 10 million members of the US military. Samples from
people who later developed MS were compared with samples from two randomly
selected controls matched for age, sex, and other demographic features. The study
showed that almost all individuals who developed MS are EBV-positive, and EBV infection
led to a 32 times greater risk of developing MS. However, it must be noted that over 95%
of adults have a history of EBV infection, and the majority of these will not go on to
develop MS. Therefore, infection with EBV may trigger the development of MS in certain
individuals. Research is ongoing to understand the mechanisms and susceptibility behind

this effect (Ortega-Hernandez et al. 2023).

Other potential environmental risk factors include night-time shift work, excessive drug
and alcohol exposure, obesity, oral contraceptive use, organic solvent exposure,

comorbidities, stress, and air pollution (Gouider et al. 2024; McKay et al. 2017).

Genetic risk factors

Certain genetic factors are also associated with elevated MS risk, though familial MS
accounts for less than 12% of total MS cases (Ehtesham et al. 2021). A slightly greater
proportion (~15.5%) of pediatric MS cases are familial (Ehtesham et al. 2021). Genetic risk
factors include HLA and interleukin variants, among others (Tempest et al. 2022;

Baranzini and Oksenberg 2017).

The major histocompatibility complex (MHC), also termed human leukocyte antigens
(HLA), are molecules responsible for presenting antigens to T cells and play a role in the
body’s adaptive- and auto- immune responses (Cruz-Tapias et al. 2013). Many variants of
HLA class | and Il genes are associated with increased risk of MS (Baranzini and Oksenberg

2017). Specifically, the gene HLA-DRB1 on chromosome 6p21 shows some of the
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strongest associations with increased MS heritability (International Multiple Sclerosis

Genetics Consortium et al. 2007; Oksenberg et al. 2008).

Interleukin receptors IL2RA and IL7R are two additional genes frequently associated with
an elevated risk of MS (Tempest et al. 2022; Traboulsee et al. 2014). These receptors also
regulate the activity of T cells and may be involved in T-cell mediated autoimmunity

(Bielekova et al. 1999; International Multiple Sclerosis Genetics Consortium et al. 2007).

However, these genetic polymorphisms also increase the risk of other immune
conditions, so they do not specifically indicate MS risk (Candore et al. 2002). Additionally,
each identified MS genetic risk factor accounts for a small amount of increased MS risk.
Therefore, these factors and their interactions may increase susceptibility to MS, rather

than causing MS.

Pathophysiology

In MS, autoimmune and inflammatory processes cause damage to myelin, which is the
fatty protective coating surrounding sections of axons of all neurons in the central
nervous system (CNS) and of some neurons in the peripheral nervous system (PNS).
Myelin is made up of glial cells of two types: oligodendrocytes in the CNS and Schwann
cells in the PNS. Myelin serves as an insulator, allowing electrochemical signals to travel
more quickly down an axon. Signal travels down an axon via an action potential, or
unidirectional cascade of voltage-gated ion channel openings. In a myelinated neuron,
only portions of the axon wall containing these voltage-gated channels are exposed.
Therefore, signal “jumps” between these exposed sections, or nodes of Ranvier, in a
process called saltatory conduction. Damaged myelin slows down the speed of action
potential propagation and can leave the axon vulnerable to degeneration. Myelin loss and
axonal degeneration lead to a wide range of motor, sensory, and cognitive symptoms. MS
is generally considered to be an upper motor neuron (UMN) disorder, though some
people with MS show damage in lower motor neurons (LMN) and other peripheral nerves

(Oudejans et al. 2021).

Several mechanisms of myelin damage have been proposed in MS, which can be broadly
grouped into autoimmune and inflammatory responses. In each case, particular immune
cells gain access to the central nervous system through dysfunction of the blood-brain

barrier (BBB) (Ortiz et al. 2014). The BBB is a combination of structural and glial
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adaptations at the wall of CNS capillaries that prevents large molecules, including many
immune cells, from entering the CNS. When the integrity of the BBB is impaired, these
cells and molecules are allowed access to the CNS environment. Infiltration of activated
leukocytes causes myelin and axon damage through direct attack or the effects of
inflammation (Filippi et al. 2018). Regions of inflammation, called plaques or lesions, can
be observed in the white and grey matter using T1 and T2-weighted magnetic resonance
imaging (MRI). Contrast-enhanced MRI can also show the presence of actively
demyelinating lesions. The presence and extent of these lesions show only slight
associations with clinical disability, a phenomenon known as the “clinical-radiological
paradox” (Barkhof 1999). However, recent studies indicate that more sensitive measures
of lesion location and function may help to elucidate this relationship (Chard and Trip

2017).

Clinical presentation

MS is a condition characterized by heterogeneity of presentations. Damage to myelin and
axons can impair signal transfer throughout the body, causing impairments in a wide
range of body systems. Common symptoms include muscular weakness, spasticity, pain,
numbness and tingling, unsteady gait, optic neuritis, visual disturbances, speech
impairment, bladder and bowel dysfunctions, fatigue, anxiety, depression, and cognitive

impairment (Filippi et al. 2018).

MS severity is classified according to the Expanded Disability Status Scale (EDSS), a half-
point 1-10 rating scale reflecting walking ability with consideration for symptom severity
across eight functional domains (pyramidal, cerebellar, brain stem, sensory, bowel and
bladder, visual, cerebral, and other) (Kurtzke 1983). This tool provides a useful
standardized framework to compare disability level across individuals or over time for
research and clinical trials. However, its focus on walking ability and clinician-observed
signs may fail to reflect changes in impactful patient-experienced symptoms like sensory
disturbances, cognitive impairment, and fine motor control. Additionally, it has somewhat

limited inter- and intra-rater reliability (Meyer-Moock et al. 2014).

The multiple sclerosis functional composite (MSFC) is one alternative classification tool
that was proposed to address some of the limitations of the EDSS (Fischer et al., n.d.). It

includes three equally weighted subscales for walking and lower limb function, hand and
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arm function, and cognitive function. The tool shows good inter-rater reliability, but is
affected by practice (Fischer et al., n.d.; Meyer-Moock et al. 2014). While the measure is
frequently used in research and clinical trials, it is less commonly used than the EDSS

(Meyer-Moock et al. 2014).

Subtypes and progression

Around 85% of MS cases begin with a solitary episode of neurological impairment known
as clinically isolated syndrome (CIS), which has approximately a 70% chance of converting
to clinically definite MS within 2-5 years (Kol¢ava et al. 2020; Kuhle et al. 2015). A
radiologically isolated syndrome (RIS) with MRI changes indicative of MS but no
corresponding neurological indications of MS may also occur (Granberg et al. 2013). One
third of people with RIS develop clinical symptoms within five years, and two thirds

develop further MRI lesions (Granberg et al. 2013).

According to the 2017 revision of the McDonald diagnostic criteria, diagnosis of clinically
definite MS can be made based on evidence of lesions or disability that are disseminated
in space and time (Thompson et al. 2018). Dissemination in space refers to observations
of multiple MRl lesions or clinical signs indicative of damage to multiple CNS regions.
Dissemination in time refers to evidence of new MRI lesions, multiple clinical episodes, or

steady accumulation of disability over time.

MS is classified into subtypes based on clinical observations of the disease course. These
subtypes differ in regard to the presence of relapses, which are periods of days to weeks
of sudden symptom increase. Around 85% of MS cases follow a relapsing-remitting
disease course (RRMS) characterized by relapses interspersed with periods of complete or
incomplete symptom recovery. If untreated, most people with RRMS will convert within
20 years to a secondary progressive (SPMS) disease course indicated by progressive
disability accumulation with or without relapses (Cree et al. 2021; Rovaris et al. 2006;
Lublin et al. 2014). However, improved treatment options for RRMS may be increasing
this time to conversion (Tedeholm et al. 2022). Diagnosis of SPMS is made retrospectively
based on clinical observation of symptom progression. In addition to RRMS and SPMS,
some patients with MS show a progressive accumulation of disability from disease outset

(PPMS) (Lublin et al. 2014).
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Neurophysiological diagnostic tools
Structural MRl is the most used neurophysiological tool in the diagnosis of MS. MRI
provides excellent spatial resolution and can distinguish active and historical lesions,
allowing for demonstration of dissemination in space and time even at initial recording
(Rocca et al. 2024). New markers like the central vein sign and paramagnetic rim lesions
may improve the diagnostic specificity of MRI, though they provide limited additional

utility in late-onset MS (Tena-Cucala et al. 2025).

Visual evoked potentials are electroencephalogram (EEG) 2 responses elicited through
repetitive presentation of a time-locked visual stimulus, often a black and white
checkerboard pattern or flash of light. The height and timing of the peak of these
potentials are used as indices of visual system functioning, with slowed peaks
representing demyelination. Amplitude reductions are more difficult to interpret but
likely represent smaller or weaker cortical generators, through either normal inter-
individual differences or damage (Barton et al. 2019). The optic nerve is often one of the
earliest sites of MS pathology, so the VEP may be able to capture early or subclinical
neurophysiological changes. However, like many event-related potentials, VEPs are highly
variable based on the eliciting paradigm, recording environment and equipment, and
inter-subject differences. This makes the application of clinical standards for VEP
interpretation difficult and disfavours their use relative to MRI as a primary tool for
diagnosis and monitoring, though they are still used and may provide complimentary

information.

Motor evoked potentials (MEP) are another evoked potential that can support the
diagnosis of MS, though these are less commonly used. MEPs are recorded in a target
muscle in response to the stimulation of the motor cortex, usually through application of
a transcranial magnetic stimulation (TMS) pulse. They can be used to monitor cortical
excitability and activity along the corticospinal tract, and correlate with some measures of
clinical disability (Soda et al. 2023). However, they are generally considered less clinically

practical than because they can be technically challenging and time consuming to collect,

2 See the following chapter for a more thorough discussion of EEG and evoked/event-related potentials.
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are less reproducible, and provide information that can be obtained from existing MRl

measures (McGuigan 2013; Soda et al. 2023).

MRI and simple cortical EEG event-related potentials are routinely used in the diagnosis
or monitoring or MS. Therefore, these tools are already available in clinics and could be

repurposed to measure novel MRI or EEG biomarkers.

Treatments

Many disease-modifying therapies (DMT) are now available for RRMS that decrease the
rate of relapses and may delay EDSS progression. While these treatments were previously
prescribed in a stepwise fashion of increasing efficacy (and correspondingly increasing
risk), current evidence suggests that early initiation of high efficacy treatment is the best
method to prevent long-term disability accumulation (Freeman et al. 2022; Buron et al.

2020; Selmaj et al. 2024).

Misdiagnosis

Given the high degree of variability in presentations of MS, it is perhaps not surprising
that many people are both misdiagnosed with MS or misdiagnosed with other conditions
before receiving a correct diagnosis of MS (“underdiagnosis”). A recent meta-analysis
estimates the frequency of MS misdiagnosis and underdiagnosis at 15% and 36%,
respectively (Zlrrer et al. 2024). This contributes to diagnostic delays for people with MS
and exposure to ineffective or potentially harmful treatments for people misdiagnosed
with MS. The identification of reliable indicators of disease presence could help to

alleviate this issue.

Cognitive impairment in MS

Cognitive impairment is a frequently reported and distressing symptom of multiple
sclerosis, whose prevalence is generally estimated at around 40-70%, depending on study
populations, clinical characteristics, and test batteries (Benedict et al. 2020). Recent
meta-analyses suggest lower pooled prevalences of 41% overall (Askari et al. 2024) and
32% in relapsing-remitting MS (Wu et al. 2024). However, the neuropsychological test
batteries used in the studies included in these meta-analyses vary widely. Therefore,
given the heterogeneity of multiple sclerosis, it is possible that very focused batteries
could miss the presence of cognitive impairment in participants who show impairments in

atypical domains. This is supported by the finding that studies using a greater number of
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tests identified a greater proportion of cognitive impairment (Wu et al. 2024). While exact
estimates of prevalence may be flawed, it is clear that cognitive impairment impacts a

substantial proportion of people with MS.

These impairments are also known to have important impacts on daily life for people with
MS. For example, cognitive impairment is associated with lower scores on quality-of-life
(Qol) measures (Marafioti et al. 2024; Gdmez-Melero et al. 2024; Bergmann et al. 2023)
and impacts QoL more strongly than does disease severity (Ciubotaru et al. 2024).
Cognitive performance is also associated with increased anxiety and depression (Altieri et
al. 2024; Freedman et al. 2024; Lester et al. 2007), increased fatigue (Candiri et al. 2024),
reduced safe driving ability (Lincoln and Radford 2008; Kotterba et al. 2003), decreased
employment (Espiritu et al. 2024; van Wegen et al. 2022; Srpova et al. 2022; Renner et al.
2020; Rao et al. 1991), and increased economic burden (Maltby et al. 2022), all of which
could impact independence and well-being. Cognitive impairment can also impact burden

and quality of life in caregivers (Sarhan et al. 2022; Figved et al. 2007).

Clinical presentation and progression

Cognitive impairment is seen across all subtypes of MS (Lugosi et al. 2024) and may be
observable from the earliest stages of the disease (Reuter et al. 2011; Amato et al. 2012).
However, the frequency and severity of impairment varies across types, with people with
secondary-progressive MS generally displaying the most severely impacted cognition
(Denney et al. 2005; Bergendal et al. 2007). Evidence suggests that cognitive impairment
is increased in both progressive forms compared to RRMS (Gaudino et al. 2001; Huijbregts
et al. 2004), though other studies suggest cognition is less impaired in PPMS than in RRMS
or SPMS (Denney et al. 2005; Comi et al. 1995). Some of the variability in these results
may be attributed to differences in which domains are more likely to be impaired in each
subtype. The severity of cognitive impairment may also be impacted by age of disease
onset, possibly due to an age-related decline in cortical plasticity (Oliveira et al. 2024).
Conversations about cognitive dysfunction in MS generally assume a low prevalence of
severe impairments at the level of a dementia. This may reflect a view that the term
“dementia” indicates a severe and global impairment, rather than the domain-specific

impairments generally seen in MS (Rao 1990)3. However, there is a lack of direct research

3 Quoted in “Dementia in Multiple Sclerosis: Why Is It Rarely Discussed” (Westervelt 2015)
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on dementia prevalence in addition to the lack of consensus around what constitutes
dementia in this population. Surprisingly, one of the few direct studies on the topic in MS
found that 22% of patients had dementia (Benedict and Bobholz 2007), which does not
support the assertion that the prevalence of dementia is low in MS. Other studies have
reported increased risk for Alzheimer’s disease and vascular dementia in people with MS
compared to age-matched peers (Cho et al. 2023; Mahmoudi et al. 2022). This highlights
the need for additional focus and consensus diagnostic criteria for cases of dementia or

severe cognitive impairment in multiple sclerosis.

The most affected cognitive domains across participants with MS are information
processing speed, learning, and long-term memory (Benedict et al. 2020). However,
deficits in executive function (Migliore et al. 2018; Abrahams et al. 2000; Mistri et al.
2024), attention (van Dam et al. 2024; Mistri et al. 2024), inhibition (van Dam et al. 2024;
Ternes et al. 2019), verbal fluency (Franca et al. 2024; Delgado-Alvarez et al. 2020),
verbal, visuospatial, and working memory (Vacchi et al. 2017; Hammer et al. 2011; van
Dam et al. 2024; Leavitt et al. 2018), and social cognition (Bora 2017; Bora et al. 2016) are

also seen.

Some longitudinal studies of cognitive impairment in MS suggest that the level of
impairment remains relatively stable or even improves (Barbu et al. 2018; Piras et al.
2003; Nyari et al. 2024). However, other studies report an increased prevalence of
cognitive impairment over time (Amato et al. 2001; Zivadinov et al. 2001). It is possible
that this discrepancy reflects a disconnect between cognitive impairment presence and
severity; perhaps cognitive impairment emerges at variable points within the disease
course but remains stable once present. However, this explanation does not account for
the increased severity of cognitive problems seen in secondary progressive MS. Like
physical disability, cognitive impairment may also show progression independent of

relapse activity (PIRA) (Fuchs et al. 2024).

Neuropathological correlates

No definitive causal mechanism for cognitive impairment in MS has been identified.
Potential mechanisms could include decreased oxygen and nutrient availability in the
CNS, decreased firing efficiency of neurons, and disconnection of neural networks. These
proposed mechanisms are supported by the observation of correlations between

neuropathological features and cognitive impairment presence or severity.
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Features affecting CNS oxygen and nutrient availability that are associated with cognitive
impairment in MS include lower cerebral blood flow (D’haeseleer et al. 2015), lower
cerebral vasoreactivity (Metzger et al. 2018), and inflammation-mediated increases in
local energy consumption by leukocytes or mitochondria (Yang and Dunn 2019). Cognitive
processes could also be altered by decreases in transmission efficiency due to synaptic
dysfunction in addition to MS’s characteristic demyelination. Dysfunction of the synapse
due to inflammation and excitotoxicity have been documented in MS and are correlated
with cognitive outcomes prior to and independently of white matter lesions (Schwarz

and Schmitz 2023).

Finally, network pathway disconnection or rearrangement could be caused by physical
loss of connections due to axonal damage or reduction in pathway efficiency below a
threshold needed to maintain a functional connection. Neuroimaging results supporting a
network disconnection theory of cognitive impairment are presented in the subsequent

chapter.

The lack of a clear link between cognitive impairment and specific neuropathological
changes is a key challenge in predicting, identifying, and treating cognitive impairment in
MS. Greater understanding of this biological link could provide more sensitive biomarkers

or targets for treatment.

Neuropsychological screening and assessment

Cognitive impairment is identified clinically by health care providers (HCP) using screening
tools, assessment batteries, or reports from the patient, their family, or the wider
healthcare team. Once identified, HCP can offer mitigation strategies or refer the patient
for further assessment or rehabilitation, though the availability of such referral options

may be limited for many providers.

Screening tools

Screening tools should be short, repeatable tasks or surveys that show changes when
cognitive changes are present in MS (sensitivity) but do not show changes when cognition
is unaffected (specificity). These short tests generally measure one or a small number of

cognitively relevant domains, in contrast to more comprehensive tests.
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The paced auditory serial addition task* (PASAT) and symbol digit modalities test> (SDMT)
are commonly used individual measures generally taken to reflect processing speed and
attention. The measures are brief (10-15 minutes for the PASAT and around 5 for the
SDMT) and can be administered with minimal equipment. However, the PASAT is heavily
impacted by practice, sociodemographic confounds, dysarthria or other language
impairment, and participant anxiety (Tombaugh 2006). Additionally, the 10—-15-minute
time requirement, while brief in a research setting, is likely to be unacceptably longin a
clinical one. In contrast, the administration of the SDMT takes 90 seconds after
explanation. However, both tests suffer from a lack of domain specificity, so they may
need to be used in conjunction with other tests to determine the nature of cognitive
impairment. Additionally, both tests require the presence of an examiner and therefore
cannot be completed independently by patients during waiting time in a clinic visit. The
ability to be completed independently and even asynchronously is a benefit of self-report

measures like surveys.

The multiple sclerosis neuropsychological questionnaire (MSNQ) is a brief (5 min.) self-
report survey tool developed for use in multiple sclerosis with both patient report
(MSNQ-P) and informant report (MSNQ-I) versions (Benedict et al. 2003). The test shows
good validity and reliability (Benedict and Zivadinov 2007), and may be more reflective of
composite cognitive status rather than performance on individual objective cognitive
tests. Like many self-reported measures of cognitive status, it is associated with
depression scores (Benedict et al. 2003; Lester et al. 2007; Akbar et al. 2011; Carone et al.
2005). This is not necessarily a disqualifying drawback for clinical use, as high levels of
cognitive impairment and depression should both warrant referral, and follow-up
assessment can determine whether the appropriate support will be cognitive or
psychological. However, research studies should be aware of the potential for
confounding effects. When direct agreement with neuropsychiatric scores is important,

the MSNQ-I may be a more reliable choice (Benedict et al. 2003; O’Brien et al. 2007).

4 A series of spoken (recorded) digits at a set inter-stimulus interval that varies between trials are
presented. Participants must respond orally with the sum of the number just presented and the number
preceding it.

5 Participants are presented with a page of unfamiliar symbols and a symbol-digit reference key and must
“decode” as many symbols as they can within a 90 second time limit.
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Commonly used screening tools in an Irish context include the Addenbrooke’s Cognitive
Examination-Revised (ACE-R) and Montreal Cognitive Assessment (MoCA) (Hynes et al.
2022), though neither battery was developed specifically to identify cognitive dysfunction
in MS. The ACE-R has been used (though infrequently) to measure cognition in MS
research (Connick et al. 2013), and was developed to identify and differentiate mild
cognitive impairment (MCl) and dementia (Mioshi et al. 2006). The MoCA is more
commonly used and appears to show good utility as a screening tool in MS, though cutoff
scores may need to be adjusted for this population (Dagenais et al. 2013; Charest et al.
2020; Rosca and Simu 2020). However, this tool was also developed to detect MCI rather

than MS-specific cognitive impairment (Nasreddine et al. 2005).

Screening and assessment batteries

Shorter tests measuring functions on individual domains can be combined into series of
tests known as batteries. In multiple sclerosis, these include the brief repeatable battery
of neuropsychological tests (BRB-N), the minimal assessment of cognitive function in MS
(MACFIMS), and the brief international cognitive assessment for MS (BICAMS). These
tests can be used to screen for the presence of cognitive impairment or to assess which

domains are impaired and may need support.

The BRB-N includes the selective reminding test (SRT, verbal learning/memory), the 10/36
spatial recall test (visuospatial memory), the SDMT, the PASAT, and the word list
generation test (verbal fluency) (Bever et al. 1995). The MACFIMS also contains the SDMT
and PASAT along with the California verbal learning test (CVLT, verbal learning/memory),
brief visuospatial memory test (BVMT, visuospatial memory), Delis-Kaplan Executive
Function System (D-KEFS) card sorting task (executive function), the judgement of line
orientation test (JLOT, visuospatial processing), and the controlled oral word association
test (COWAT, verbal fluency) (Benedict et al. 2002). The BICAMS includes the SDMT, with
the CVLT and BVMT included if time allows (Langdon et al. 2012). These test batteries all
aim to assess the main domains that are likely to be impaired in multiple sclerosis.
However, the construction of a test battery will always represent a trade-off between
comprehensiveness and length. For example, cognitive impairment in a person who
struggles with language impairments in her daily life is unlikely to be identified by the
comparatively short (15 minutes) BICAMS and is even less likely to be identified with the
minimal BICAMS (SDMT only). This highlights the utility of soliciting self-reports of

13
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subjective cognitive functioning within the clinic. Though these self-reports cannot
provide as much specificity as an in-depth battery, their high sensitivity and practicality
make them optimal screening tools. This suggests that one manner of dealing with
cognitive evaluation within a busy clinic could be to present a self-report tool like the
MSNQ during waiting periods and to conduct a follow-up conversation or brief
assessment only for those patients scoring abnormally to determine the need for further
referral. This “two-tiered” screening system could help to integrate conversations about
cognitive dysfunction into the clinic without placing the burden of in-depth cognitive

evaluation on a non-cognitive specialist.

Clinical challenges

Despite the importance and availability of MS-specific cognitive screening tools, a survey
of 94 Irish MS health care providers found that only 34% routinely screened for cognition
within the clinic and only 60% referred suspected cases of cognitive dysfunction for
specialist assessment or intervention (Hynes et al. 2022). The 94 respondents seem to
represent a relatively small proportion of individuals involved in MS care, given that 213
hospital or primary locations assumed to treat patients with MS were approached, in
addition to online recruitment. If these respondents decided to complete the survey due
to prior interest or knowledge about cognitive dysfunction in MS, then assessment and
referral percentages may be even lower in the wider population of providers treating MS

without this prior interest.

Even among clinicians who would like to test for cognitive impairment, time constraints
often make this impossible within the clinical setting. Additionally, some clinicians may
feel underprepared to carry out such assessments (Hynes et al. 2022; Klein et al. 2019).

These factors further support the use of self-report screening tools discussed above.

Cognitive rehabilitation

If a patient is referred for further assessment and cognitive impairment is identified, then
cognitive rehabilitation may be recommended. Cognitive rehabilitation is a goal-directed
process seeking both to retrain cognitive functions and to embed supports within the
patient’s thought processes, actions, and environment (Wilson 2008). Cognitive
rehabilitation approaches are common after traumatic brain injury (TBI) and stroke, and
have more recently been applied to chronic conditions like MS. Several meta-analyses

and systematic reviews have aimed to summarize the research in this area. These reviews
14



INTRO
support the effectiveness of cognitive interventions, though the effects may be small
(Redero et al. 2023; Taylor et al. 2021; Rosti-Otajarvi and Hamalainen 2014). Effective
interventions can also be delivered through virtual reality environments (Zhang et al.

2024).

Interestingly, some cognitive interventions may have greater impact on self-report
measures rather than objective cognitive functioning (Nauta et al. 2024; Mantynen et al.
2014). On the other hand, some interventions affecting objective cognition are also
associated with changes on functional MRl measures (Parisi et al. 2014; Filippi et al.

2012).

ALS

Amyotrophic lateral sclerosis (ALS) is rapidly progressive, fatal neurodegenerative
condition affecting the upper and lower motor neurons. It is the most common of the
motor neuron diseases (MND) and affects movement, behavior, and cognition (Hardiman,

Al-Chalabi, Chio, et al. 2017).

Epidemiology

ALS is a rare disease, with reported prevalences between 0.26 and 23.46 per 100,000
person-years (Wolfson et al. 2023). European incidence is approximately 2 per 100,000
person-years (Logroscino et al. 2010; Chio et al. 2013). ALS is approximately two times
more common in males than in females, though this ratio may begin to decrease with
increasing age (Manjaly et al. 2010). The higher frequency in men could be due to
biological risk factors or gender differences in exposure to environmental risk factors.
Some evidence suggests that the incidence of ALS is increasing, though this may relate to
the aging global population (Mata et al. 2023; Xu et al. 2020; Arthur et al. 2016).
Additionally, these estimates could be affected by expanded diagnostic criteria, improved
awareness driving referral to specialists, and improvements to data capture procedures in

population based registers over time (Hardiman, Al-Chalabi, Brayne, et al. 2017).

Approximately 10% of ALS cases are familial, or related to gene variants such as SOD1 and
C90RF72 (Boylan 2015). These genes are not completely penetrant, meaning that not
every carrier will develop ALS or a related condition (Hardiman, Al-Chalabi, Chio, et al.
2017). The variants may also occur in sporadic ALS, or cases in a person with no family

history of the disease. In addition to causative genes like SOD1 and C90ORF72, other
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genetic variants associated with ALS have been identified, but work is ongoing to
determine the degree of susceptibility or causation contributed by these factors (Boylan

2015).

Environmental, occupational, and lifestyle factors conferring increased and decreased ALS
risk have also been identified. Environmental factors increasing ALS risk include exposure
to heavy metals, organic solvents, pesticides, and magnetic fields (Gunnarsson and Bodin
2018; Wang et al. 2017; Zhang et al. 2023). Living in an urban environment is associated
with decreased risk of ALS (Duan et al. 2023). Military service is associated with increased
risk, possibly due to associations with environmental and lifestyle factors associated with
ALS (McKay et al. 2017). Medical and lifestyle factors like trauma (especially head trauma)
(Gu et al. 2021; Wang et al. 2017), physical activity (Gunnarsson and Bodin 2018; Zhu et
al. 2023), and contact sports (Blecher et al. 2019) are associated with increased risk, while
factors like high BMI (O’Reilly et al. 2013; Wang et al. 2017) and type 2 diabetes

(Wannarong and Ungprasert 2020; Zhu et al. 2023) are associated with decreased risk.

Pathophysiology

ALS pathology is characterized by the progressive loss of upper and motor neurons,
leading to muscle weakness and eventual death from respiratory failure. Several
mechanisms of ALS cell death have been posited, many related to the observation that
people with ALS develop pathological accumulations of proteins in the motor neurons.
Such protein inclusions are well-known features of the pathophysiology of other
neurodegenerative conditions like Alzheimer’s disease or Parkinson’s disease. In ALS, the
protein TAR DNA-binding protein 43 (TDP-43) is the most common component of these
inclusions (Hardiman, Al-Chalabi, Chio, et al. 2017). TDP-43 proteinopathy is present in
almost all patients with both familial and sporadic forms of the condition (Mackenzie et

al. 2010).

Other pathological mechanisms include mitochondrial dysfunction, metabolic
dysfunction, inflammation, dysfunctional protein and RNA metabolism, excitotoxicity, and
structural and functional defects of the cytoskeleton (Feldman et al. 2022; Hardiman, Al-

Chalabi, Chio, et al. 2017).
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Clinical presentation
ALS risk increases with age from around 40 years until a peak between 60 and 80 years
(Marin et al. 2018). Once diagnosed, the condition generally progresses rapidly, with
death due to respiratory failure occurring within 2-4 years, though around 5-10% of
people with ALS live for over 10 years after diagnosis (Hardiman, Al-Chalabi, Chio, et al.
2017; Chio et al. 2009). ALS is currently incurable, but two disease modifying therapies
have been identified: riluzole and edaravone. Only riluzole is approved by the European
Medicines Agency (EMA), and provides a modest (3 month) increase in mean survival
(Hardiman, Al-Chalabi, Chio, et al. 2017; Miller et al. 2012). Other medications may be
prescribed to manage common symptoms like pain, spasticity, sleep disturbances,

psychiatric symptoms, and excessive salivation.

The majority of ALS cases (~60%) present with a spinal, or limb, onset involving weakness,
fasciculations, or muscle wasting. Another substantial portion of cases (~30%) present
with bulbar onset, which causes speaking and swallowing difficulties and emotional
lability. Different sets of diagnostic criteria have been used to diagnose ALS over time,
adding difficulty to the comparison of population parameters longitudinally. The most
recent set of criteria (Gold Coast criteria) was formed from consensus recommendations
in 2019 (Shefner et al. 2020) and has been found to have increased sensitivity and
preserved specificity compared to previous criteria (Vucic, Ferguson, et al. 2021). While
cognitive and behavioral impairment are now widely acknowledged to present in many
cases of ALS, they are not currently incorporated into the Gold Coast criteria. However, a
separate set of diagnostic criteria, the Strong criteria, are used to diagnose concomitant

ALS and FTD, referred to as ALS-FTD spectrum disorder (Strong et al. 2017).

Cognitive impairment in ALS

The topic of cognitive impairment in amyotrophic lateral sclerosis (ALS) is briefly
addressed here to provide background for a comparison of EEG data between
participants with MS and ALS later in this thesis. An in-depth study of the cognitive
impairments seen in ALS and their EEG correlates was made in the PhD thesis Human
Neurodegeneration: A Spectral EEG and TMS based Approach in Amyotrophic Lateral
Sclerosis (McMackin 2021).
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Clinical presentation and progression

Approximately 50% of people with ALS show some level of cognitive impairment (Phukan
et al. 2012; Montuschi et al. 2015; Oh et al. 2014). Behavioral impairments like apathy
and disinhibition (Gibbons et al. 2008) may also be seen in over 40% of people with ALS
(Burke et al. 2017). Cognitive and behavioral impairment are sometimes collectively
termed “extra-motor impairments” to distinguish these features from the classic motor
symptoms of ALS. This review will focus on cognitive impairment seen in ALS to facilitate

comparisons with MS later in the thesis.

The most commonly reported impairments in ALS are in executive impairment and
language, though learning and memory impairments are also commonly seen (Jellinger
2023; Abrahams 2023; Pender et al. 2020). Deficits in social cognition (Bora 2017; Bora et
al. 2016) and increases in emotional lability may also occur (Finegan et al. 2019). The
presence of these impairments at diagnosis may have prognostic value in ALS. Some
evidence suggests that those who show preserved cognition at baseline tend to remain
relatively cognitively intact over the course of the disease (Oijerstedt et al. 2024). In
contrast, cognition tends to worsen over time in people who show early cognitive
changes (Oijerstedt et al. 2024). However, other studies find progression over time even

in patients showing no cognitive impairment at baseline (Bersano et al. 2020).

Cognition is severely impacted in approximately 5-15% of people with ALS, leading to a
diagnosis of FTD. ALS and FTD are now thought to exist along a clinical spectrum of
relative degrees of motor and cognitive involvements known as fronto-temporal

spectrum disorder (ALS-FTSD) (Pender et al. 2020; Strong et al. 2017).

Screening tools

The Edinburgh Cognitive and Behavioral ALS Screen (ECAS) is a tool designed to screen for
impairments in executive function, social cognition, verbal fluency, language (naming,
comprehension, and spelling), memory, and visuospatial function (Abrahams et al. 2014).

(It also includes a carer interview section to assess behavioral impairment).

Other ALS-specific cognitive screening tools sometimes employed for this population
include the ALS Cognitive Behavioral Screen (ALS-CBS), ALS Brief Cognitive Assessment
(ALS-BCA), ALS-FTD Questionnaire (ALS-FTD-Q), Penn State screening examination of

frontal and temporal dysfunction syndromes (PSSFTS), and the University of California San
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Francisco screening battery (UCSF-SB). Non-ALS specific screening tools include the
Montreal Cognitive Assessment (MoCA), the Addenbrooke’s Cognitive Examination (ACE),

the mini mental state exam (MMSE), and the frontal assessment battery (FAB).

While these other tools have been used in clinics and research, the ECAS shows the
strongest evidence of reliability and validity (Didcote et al. 2024; Gosselt et al. 2020;
Simon and Goldstein 2019). The ECAS (and other screening tools) are designed to alert
the clinical team to the presence of cognitive impairments and to trigger further
investigation, rather than to comprehensively determine the presence or nature of

cognitive impairment.

Biomarkers of cognitive impairment

As mentioned above and discussed more thoroughly in the next chapter, both MS and
ALS are associated with cognitive impairment. The presence and progression of these
impairments can be difficult to predict. The development of better tools to identify, track,
and predict cognitive impairment in neurodegenerative conditions could improve

cognitive outcomes for patients. Such tools are known as biomarkers.

Types of biomarkers

“Biomarker” (biological marker) is a broad term to indicate any observable sign that
corresponds to another characteristic of interest, for example, the presence of a disease
(Strimbu and Tavel 2010). Biomarkers encompass a wide range of observable signs such
as levels of certain proteins in the blood, signal intensity on an MRI, or force output in a
motor task. A biomarker should show high sensitivity (few false negatives) and high
specificity (few false positives) for the characteristic of interest. Ideal biomarkers are

inexpensive, non-invasive, quickly and easily measured, and responsive to change.

Some broad categories of biomarker include diagnostic, prognostic, stratifying, or
response markers. The distinctions between these categories are not absolute, as many
biomarkers may be used in multiple applications. Diagnostic biomarkers identify the
presence of a condition or help to distinguish between conditions. A diagnostic biomarker
of cognition would be an objectively measurable sign indicating that cognition is
impaired, or that cognition within a specified domain is impaired. Prognostic or predictive
biomarkers are signs measured at a baseline and used to infer future status. An ideal

prognostic measure of cognition for ALS or MS would be measurable at diagnosis and
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accurately reflect the presence, domain, or degree of cognitive impairment later in the
disease course. Stratifying biomarkers are used to classify people into clinically relevant
groups. A stratifying biomarker for cognition could classify individuals based on the
domain or extent of cognitive impairment. These groups may not correspond to current
clinical distinctions and could therefore help to account for some sources of disease
heterogeneity. Stratifying biomarkers are also useful in clinical trials to select groups of
people who may be more likely to show a response to a treatment. Clinical trials also use
response markers, which reflect the degree of improvement or deterioration due to

treatment.

Differential diagnosis with and of cognitive impairment

While cognitive impairment is detectable early in the disease course in both ALS and MS,
it is not routinely considered as part of the diagnostic criteria for either condition®. If
improvements in the quantification or classification of cognitive impairment progressed
to the point of identifying reliable cognitive phenotypes distinctive to a particular
neurodegenerative disease, then cognition could potentially be used as part of the
differential diagnosis for these conditions (differential diagnosis with cognitive
impairment). However, the state of the field is not yet such to permit this level of

specificity owing to the large overlaps in cognitive impairment seen between conditions.

At present, we lack reliable biomarkers to effectively measure or predict cognition within
a condition, much less to distinguish among different conditions. Therefore, our current
challenge lies in identifying diagnostic, stratifying, and prognostic biomarkers for cognitive
impairment in ALS and MS individually (differential diagnosis of cognitive impairment). It
is possible that future developments in knowledge and technology will allow us to apply

this knowledge toward the development of biomarkers for differential diagnosis.

6 The Strong criteria for ALS-FTD spectrum disorder are separate to the Gold Coast criteria for the diagnosis
of ALS.
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Literature Review

Chapter summary

This review provides an overview of currently available biomarkers of the cognitive
changes seen in MS and ALS. Particular attention is paid to electrophysiological markers

of network dysfunction in multiple sclerosis.

Biomarkers of cognitive impairment in MS

The following sections provide an overview of the use of fluid, radiological, and

electrophysiological biomarkers of cognition in MS.

Fluid biomarkers

Several CSF and serum fluid biomarkers for cognitive impairment have been observed in
multiple sclerosis. A selection of these is discussed below. Some fluid biomarkers can be
measured in the blood, making these preferable in safety and tolerability to other
markers of neural dysfunction that can only be measured within the CSF. Overall, fluid
markers provide indirect information about neural and cognitive processes, so
overinterpretation of associations with specific cognitive functions should be avoided.
However, CSF and serum biomarker candidates do appear to show good diagnostic and

predictive potential of global cognitive impairment in MS.

Oligoclonal bands

The presence of immunoglobulin G (IgG) oligoclonal bands (OCB) in the cerebrospinal
fluid (CSF) is used clinically as a diagnostic marker for MS. While most people with MS
display the bands, some do not, and the bands may likewise be found in people with
other inflammatory conditions (Deisenhammer et al. 2019). Patients who are positive for
OCB appear to show worse cognitive performance than those without the bands
(Anagnostouli et al. 2015). Evidence also suggests that OCBs may be associated with

increased cognitive decline over 5-10 years (Giedraitiene et al. 2021; Farina et al. 2017).

CSF parvalbumin
Parvalbumin is a protein contained in some GABAergic (inhibitory) neurons within the

CNS (Rupert and Shea 2022). If these neurons are destroyed, the level of parvalbumin

21



CHAPTER 2

measurable in the CSF may increase. Two studies have reported increases in CSF
parvalbumin associated with increased cognitive decline in MS: Magliozzi et al. (2021)
reported higher parvalbumin levels in severely cognitively impaired people with MS
compared to those with milder impairments and controls. This suggests that different
degrees of cognitive impairment could be caused by different mechanisms. A follow-up
study by Ziccardi et al. (2024) replicated the finding of higher CSF parvalbumin in patients
with severe cognitive impairment compared to controls. They also found correlations
between parvalbumin levels at diagnosis and cognitive performance four years later.
These results provide preliminary evidence that CSF parvalbumin could be used as a

prognostic biomarker of global cognitive functioning.

Neurofilament light chain

Neurofilament light chain (NfL) is a protein component of the neuron cytoskeleton that
can be released into the extracellular fluid and blood when axons are damaged. Because
NfL can be measured in the blood, it could be a more clinically acceptable biomarker than
markers found only in the CSF, which require a lumbar puncture to obtain. Elevated levels
of NfL have been reported across a range of neurological and psychiatric conditions (Khalil
et al. 2024; Bavato et al. 2024) and are associated with increased relapse rates, disability
progression, and MRI activity in MS (Kuhle et al. 2019). This has prompted investigation of
the relationships between NfL levels and cognitive impairment in MS. Some evidence
suggests that increased CSF or serum NfL levels correspond to worse cognitive outcomes
(van Dam et al. 2023; Barro et al. 2023; Tiu et al. 2022; Cruz-Gomez et al. 2021; Gaetani et
al. 2019; Kalatha et al. 2019; Quintana et al. 2018; Tortorella et al. 2015; Jakimovski et al.
2020; Mattioli et al. 2020). However, other studies find no relationship between NfL and
cognitive status (Oset et al. 2023; Virgilio et al. 2022; Friedova et al. 2020; Ziccardi et al.
2024). Given the heterogeneity of physical and cognitive presentations in MS, it is
possible that the relationship between NfL and cognitive status varies among disease
subtypes or other clinical distinctions. Thus, while NfL seems to be a promising peripheral
biomarker of cognitive impairment, additional research is needed to fine-tune our

understanding of this relationship.

Serum vitamin D
Vitamin D has been implicated in various pathways of MS development and progression
(Gombash et al. 2022). Vitamin D levels are easily measurable within the blood, making
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them a convenient biomarker choice. Lower vitamin D levels have been associated with
cognitive impairment, particularly decreased processing speed, in MS (Spiezia et al. 2023;
Virgilio et al. 2021; Darwish et al. 2020; Cortese et al. 2020). Strikingly, Virgilio et al.
(2021) noted that only 10 out of 81 studied patients showed sufficient vitamin D levels,
and no cognitively impaired patient showed normal vitamin D levels. Promisingly,
preliminary evidence suggests that these associations may be modifiable with vitamin D
supplementation (Darwish et al. 2017; Maghbooli et al. 2024; Essa et al. 2023), though
vitamin D supplementation appears to have no effect on other clinical outcomes (Mahler

et al. 2024).

Other markers
Additional markers of cognitive status or progression have been proposed, including
chitinases, homocysteine, apolipoprotein, neurotrophins, amyloid 3, and t protein

(Rademacher et al. 2023).

Neurophysiological biomarkers

Neurophysiological techniques like EEG, MEG, and TMS have been used to investigate
brain network function in MS. Evidence from these studies points to impairment in
network oscillations, connectivity, and excitability. Measures that reliably identify MS
presence, subtypes, or progression could be further developed as biomarkers for use in
clinical trials for MS. The following sections focus specifically on neurophysiological

measures that have been associated with cognitive or cortical dysfunction in MS.

MRI

Magnetic resonance imaging (MRI) is a commonly used tool in the clinical monitoring of
MS. Structural MRI uses magnetic pulses and radio waves to construct a map of tissues
based on water content. The identification of MRI biomarkers for cognitive impairment in
MS has been hampered by the clinical-radiological paradox, or the observation that the
level of radiological lesions generally do not correlate precisely with the level of clinically
observed disability (Barkhof 1999). However, recent evidence indicates that accounting
for the location or connectivity of these lesions improves associations with disability,
including cognitive disability (Hartmann et al. 2023; Chard and Trip 2017; Benedict et al.
2005). Among structural MRI measures, reductions in thalamic volume appear to be the

best predictor of cognitive impairment (Mirmosayyeb et al. 2024). Corpus callosum
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volume, grey and white matter volumes, whole-brain volume, and T2 lesion volumes have

also been proposed to reflect cognitive impairment (Lomer et al. 2024).

In comparison to structural measurements, functional electrical and magnetic techniques
have the advantage of better characterizing the role of the damaged tissue. This could
potentially provide better predictors of cognitive status compared to structural
predictors. Functional MRI (fMRI) measures blood flow (via oxygen levels) to approximate
activity at specific brain locations. This technique takes advantage of the excellent spatial
resolution of MRI. However, MRI has a limited temporal resolution of approximately 5
seconds’ (Glover 2011), which may be insufficient to capture the fast dynamics of
neurons. Nonetheless, a variety of fMRI alterations related to cognitive impairment have
been shown in MS. Reviews show that these alterations tend to reflect compensatory
increases in activity and connectivity, especially in cognitively preserved patients (Rocca

et al. 2016).

Optical coherence tomography

Optical coherence tomography (OCT) is an imaging modality using the scatter of near-
infrared light to create an image of the retina’s layers with micrometer resolution
(Gordon-Lipkin and Calabresi 2017). Compared to other imaging modalities like MRI, OCT
has advantages in cost, test duration, and ability to directly image axonal health, which is
considered to be a major contributor to long-term disability in MS (Gordon-Lipkin and
Calabresi 2017). The thickness of the retinal nerve fiber layer (RNFL) is the most common
OCT measure studied in relation to cognitive impairment in MS. Several studies show that
the RNFL’s thickness is associated with cognitive scores in MS (Stellmann et al. 2017; Ko
et al. 2018; Davion et al. 2023; Toledo et al. 2008; Covey et al. 2024; Baetge et al. 2021;
Bsteh et al. 2019; Birkeldh et al. 2019; El Ayoubi et al. 2016; Esmael et al. 2020; Abdel
Naseer et al. 2019; Coric et al. 2018; Dreyer-Alster et al. 2022; Cerda-Fuertes et al. 2023),
though this effect is not universally observed or observed in other layers (Anhoque et al.

2013; Frau et al. 2018; Petracca et al. 2018; Jakimovski et al. 2021). Evidence also

7 Recent innovations in experimental design and analysis can produce decisecond (0.1s) temporal
resolutions (Ogawa et al. 2000). These techniques are not yet standard, and superior temporal resolution
(0.0015s) can be obtained through other techniques like EEG.
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suggests that the changes in RFNL thickness are associated with cognitive decline over

time (Giedraitiene et al. 2021; Alba-Arbalat et al. 2024; Ko et al. 2018; Silva et al. 2022).

A 2023 meta-analysis concluded that RNFL thickness is associated with SDMT
performance, PASAT score, and word-list generation scores (Mirmosayyeb et al. 2023).
These results suggest that OCT measurements of RNFL could be useful diagnostic
indicator of cognitive impairment. However, further study is needed to understand
whether these measures can serve as reliable prognostic indicators of future cognitive
decline. However, while a prognostic RNFL thickness biomarker for cognitive decline does
appear possible, a single low-to-high scale seems unlikely to be able to accurately predict
the nature of the expected impairment. To accomplish this, multi-factor measurements
that account for several retinal layers or retinal locations may prove more informative.
OCT could also be combined with other neuroimaging modalities to add information on

relevant cortical structures or processes.

™S

Network dysfunction caused by MS is not limited to changes in structure, activity, or
connectivity; overall network excitability may be altered as well. Transcranial magnetic
stimulation (TMS) is an effective tool for assessing cortical network excitability, especially
when used in conjunction with electromyography (EMG) to interrogate motor networks.
TMS involves the application of focal magnetic pulses to the cortex via a coil placed on
the scalp which induce an electric field in the underlying cortex. This electrical field can
elicit cortical activity by altering the charge across neural membranes. TMS pulses applied
to motor regions of the cortex can experimentally elicit motor responses, which can be
measured using surface EMG. Additionally, repetitive stimulation of cortical areas with
TMS (RTMS) may be used to experimentally alter cortical excitability. Alterations in
cortical excitability, either due to disease processes or TMS interventions, may be

observable as altered motor responses in relation to controls.

Resting motor threshold (RMT) is the lowest intensity of TMS stimulation capable of
eliciting a minimal motor evoked potential (MEP), which is typically defined as an MEP of
at least 50 uV evoked 50% of the time. It is measured by delivering single TMS pulses of
varying intensities to specific motor areas while recording responses in the associated
muscle using EMG. RMT is increased in patients with MS (Zipser et al. 2018; Vucic et al.

2012; Conte et al. 2009; Liepert et al. 2005; Caramia et al. 2004; Perretti et al. 2004). RMT
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may indicate disease progression and symptom severity, as increases in RMT have been
reported in patients with SPMS (Vucic et al. 2012; Conte et al. 2009), higher EDSS (Conte
et al. 2009), and active relapse status (Caramia et al. 2004). Increases in RMT suggest a
decrease in excitability at some point between the motor cortex and lower motor
neurons. However, RMT measures cannot identify what structures along this pathway are

responsible for changes in excitability.

Single-pulse paradigms are also used to quantify the EMG motor evoked potential itself.
MEP measures have a similar drawback to RMT for the assessment of cortical networks in
that the MEP may be affected by changes at any point along the cortico-muscular
pathway. In MS, smaller amplitudes and longer latencies of MEP peaks reflect slowed
nerve conduction along demyelinated axons. Decreased MEP amplitude has been
reported in patients (Perretti et al. 2004) and specifically in patients with SPMS (Conte et
al. 2009; Vucic et al. 2012), perhaps due to loss of axons at a more advanced disease

stage.

MEPs have also been utilized as relative measures to describe within-individual motor
changes as a result of exercise or TMS pulses. In healthy subjects, the MEP amplitude
increases relative to the individual’s baseline after a non-fatiguing voluntary movement
(post-exercise facilitation) and decreases after a fatiguing exercise (post-exercise
depression) (Brasil-Neto et al. 1993). TMS evidence may indicate an impairment of
inhibitory networks in MS patients, specifically in those with fatigue. PED after a non-
fatiguing movement, rather than the PEF expected from healthy controls, has been
reported in MS patients with fatigue (Russo et al. 2015). However, the same study also
found PEF in other non-fatigued patients. In contrast, Perretti et al. (2004) found PEF in
both patients and controls, with no differences between patients with and without
fatigue. Interestingly, the study also found PED after muscle fatigue in controls but not in

patients, suggesting an inhibitory failure in MS.

MEP changes are also good markers for TMS-induced cortical facilitation or inhibition
through paired-pulse paradigms. In paired-pulse experiments, a “conditioning” pulse is
administered at a specified length of time before a “test” pulse. The length of time
between the conditioning and test pulses determines whether the stimulus is inhibitory
or facilitatory. Paired-pulse TMS paradigms point to a cortical network disinhibition in

certain groups with MS. Decreased intercortical inhibition (ICl) has been shown in
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patients with SPMS, fatigue, or active relapses (Vucic et al. 2012; Conte et al. 2009;
Liepert et al. 2005; Caramia et al. 2004). Furthermore, increased intercortical facilitation

(ICF) has been reported in patients with SPMS (Vucic et al. 2012).

Other TMS-based measures in MS include cortical silent period (cSP) and TMS evoked
potentials (TEP). The cSP refers to the break in voluntary muscle contraction after TMS
stimulation to the muscle’s associated motor area. Caramia et al. (2004) report a
shortened cSP during RRMS relapse and lengthened cSP during RRMS remission,
suggesting disinhibition during MS relapse. TEP are the EEG potentials evoked by TMS
stimulation. Zipser et al. (2018) found a higher amplitude in one peak of the TEP (N280) in
MS patients in comparison to controls and did not observe differences in TEP latencies or

interhemispheric signal processing.

Repetitive TMS (RTMS) may be used to alter cortical excitability with therapeutic benefit,
as in treatments for depression (McClintock et al. 2018). If cortical excitability dysfunction
underlies certain symptoms of MS, then modulating cortical excitability with TMS could
potentially alleviate these symptoms. RTMS treatment was associated with several
improved measures of gait in a case study of RRMS (Burhan et al. 2015). TMS has also
been reported to improve spasticity using intermittent theta burst stimulation (iTBS)
(Mori et al. 2010; 2011). Additional work is needed to determine whether RTMS could be

used to improve cognitive outcomes in MS.

EEG and MEG

Electroencephalography (EEG) and magnetoencephalography (MEG) are neuroimaging
techniques measuring the electrical or magnetic currents produced by mainly cortical
pyramidal neurons. Unlike MRI, they are direct measures of this neural activity. These
methods also have the advantage of excellent temporal resolution (on the order of
milliseconds) when compared to blood flow dependent MRI measures. Additionally,
mathematical source analysis methods provide good spatial resolution and the ability to
correlate specific structures and networks with brain electrical activity, which is not
possible using traditional MRI scans. EEG, in particular, is an attractive option for
longitudinal studies and clinical trials given its lower cost and ability to be used in
ambulatory paradigms compared to MEG. Additionally, EEG can be used with participants
who cannot remain still or supine for long periods of time, as would be required for an

MRI. EEG’s adaptability and cost make it a good choice for repetitive measurements, such
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as in a clinical trial. Many EEG and MEG markers of MS presence, symptom status, or

cognitive impairment have been proposed and are summarized below.

Oscillatory band power

Raw EEG and MEG signals exist in the time domain. Transformation into the time-
frequency domain allows for investigation of the power of the EEG or MEG signal within
frequency bands at specific time points. Multiple sclerosis may result in changes in power

within frequency bands.

Increased delta band power has been reported in patients with cognitive impairment
compared to both non-impaired patients and controls (Leocani 2000). A lower frequency
of peak gamma power was also found in patients with cognitive impairment relative to

cognitively preserved patients and controls (Arrondo et al. 2009).

Event-related synchronization and desynchronization

Event related synchronization and desynchronization (ERS and ERD) are other potential
targets for biomarker development. Decreased ERS was reported in both fatigued and
non-fatigued patients in the beta band (Leocani et al. 2001). Increased ERD was reported
in the alpha and beta bands in patients with MS fatigue (Leocani et al. 2001). As ERS and
ERD are typically seen as markers of network deactivation and activation, respectively,

these results seem to indicate an overall increase in network activation in MS fatigue.

Functional connectivity

Oscillatory changes may also be tracked through measures of functional connectivity.
Functional connectivity is assessed by computing measures like coherence,
synchronization likelihood (SL), phase-locking value (PLV), or phase lag index (PLI)

between pairs of signals from different sensors or sources.

In the theta band, Leocani et al. (2000) reported decreased coherence between
interhemispheric pairs and antero-posterior neighbors in patients with cognitive
impairment. In the alpha band, increased functional connectivity (coherence) has been
reported in patients with MS (Buyukturkoglu et al. 2017; Cogliati Dezza et al. 2015).
Interhemispheric coherence was also higher when recruiting the left hemisphere than
when recruiting the right, and this effect was correlated with fatigue (Cogliati Dezza et al.
2015). However, other studies report decreased alpha band functional connectivity in
cognitively impaired participants with MS (Leocani 2000).
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Functional connectivity may also be altered in the beta band. Increases in PLI have been
found in the DMN and temporo-parietal regions, and these increases correlated with

increased disability scores and more highly impaired cognition

Like results from studies on band power, results from functional connectivity (FC)
measures provide an ambiguous picture of changes in MS. While decreases in functional
connectivity would align with the view of MS as a disconnection syndrome, evidence for
both increased and decreased functional connectivity has been found in most frequency
bands. It is possible that these differences can be explained by differences in choice of
parameter used to define functional connectivity. However, conflicting results can be
seen using the same parameter; for example, the observations of both increased EEG
coherence across all frequency bands (Buyukturkoglu et al. 2017) and no change in EEG
coherence in any band (Lenne et al. 2013). The relatively small number of studies on non-
MRI functional connectivity precludes subdivision of studies by factors like
neurophysiological method, parameter, or patient group, so additional research is needed

to establish the effect of these factors.

Network graphs

Graph theory has been applied to the study of human brain networks with the proposal
of a “connectome”, or connectivity matrix for the human brain, as a conceptual
framework for the study of healthy and diseased human brain networks (Sporns et al.
2005). Similar approaches have been used to identify network changes in
neurodegenerative diseases such as MS. A graph is a mathematical structure representing
the relationships among groups of points. In relation to EEG data, sensors or sources may
be thought of as the points, or nodes, of the graph, and properties that can be calculated
between pairs of nodes (e.g. coherence or phase-lag) give weight to the edges connecting
these nodes. Edges may be non-directed or directed, as in the case of causal
relationships. Graphs may also be binarized (a connection is either present or absent) by
selecting a cut off value for the edge weights to create a graph representation of the

organization of the network.

Overall network organizations are often described as being regular or random based on
network features like average path length and clustering. Path length refers to the
“distance” between two points in the graph, measured as the smallest number of edges

between the points. Several measures are used to describe clustering, a measure
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reflecting the relative presence of hub nodes, or nodes with a high number of
connections to other nodes (“high degree”). Regular networks are characterized by a
longer path length and more clustering, while random networks have shorter path

lengths and less clustering.

Human brain networks (and indeed many biological systems) tend to display a small-
world network structure characterized by high clustering and low average path length.
The prevalence of this configuration in healthy systems suggests that it may represent an
optimally efficient balance between regular and random network configurations. Loss of
network nodes or edges through MS lesions may therefore result in disrupted network
efficiency. It is currently unclear whether this loss of efficiency comes in the form of a
shift in network organization toward regularity or randomness. However, it is possible
that the specific location of lesions in the network impacts the nature of the network

disruption.

Some of the variability in these results may be caused by the bias introduced using
experimenter-defined cut-offs to define edge presence or absence. One potential solution
to this methodological bias may come from the use of minimum spanning trees (MST). An
MST is a spanning subgraph of the original network graph created starting with the
minimum weight edge of the original graph. Subsequent lowest weight edges (that do not
produce loops) are added in order until all nodes have been connected to produce a
“backbone” of the original graph. MSTs may be a better network representation than
conventional graphs when comparing networks that vary in size, density, or other
characteristics while remaining as sensitive to changes in network topology as
conventional graphs (Tewarie et al. 2014). At one extreme, an MST may be a star: a
central node surrounded by dead-end “leaf” nodes with a minimal diameter (the highest
number of edges between any two points normalized for the total number of edges). At
the other extreme, an MST could be a straight path with no leaves and maximal diameter.
The high clustering of regular network graphs is likely to produce more star-like MSTs
with many leaves and low diameter, and the low clustering in a random network is likely
to produce a more path-like MST with few leaves and high diameter. Network
reorganization in MS is not uniform across frequency bands, with some bands showing

increased regularity and others showing increased randomness. Also, studies claim
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conflicting directions of changes within some frequency bands. Additional research will be

needed to resolve these discrepancies.

In addition to identifying increases or decreases in the presence of hubs through
measures of clustering, network analysis may be used to locate these hubs. Hardmeier et
al. (2012) plotted the spatial distribution of a measure of node centrality to visualize the
location of network hubs in patients with MS and healthy controls. In relation to the
healthy controls, patients had increased node centrality in parietal regions and decreased
node centrality in temporal regions in the delta, theta, alpha and beta bands. The level of
decrease in temporal centrality was positively correlated with impaired cognition. Gamma
band results showed decreased centrality for network nodes in the right parietal lobe.
Localization of network results in this way could be a useful way of relating cognitive

outcomes to underlying brain dysfunction.

Changes in network organization may be associated with symptoms like cognition and
fatigue. Cognitive impairment has been associated with both random (Tewarie et al.
2015; 2014), and regular (Schoonheim et al. 2013) network reorganizations. A shift
toward a random network organization was also correlated with worse clinical status and
atrophy (Tewarie et al. 2015). In contrast, Vecchio et al. (2017) reported a positive
correlation between fatigue severity and small-world index. This observation seems to
contradict the hypothesis that regularization and randomization represent a shift away
from the optimal-efficiency of a small-world network. Future work should aim to clarify
whether the loss of small-world organization could be a compensatory change in patients

with lower fatigue, cognitive impairment, or physical disability severity.

Additionally, the complexity of graph measures may make them especially suitable for
use in classification approaches. MRI structural connectivity data has been used to train a
classifier to successfully distinguish controls and patients with clinically isolated syndrome
(CIS), RRMS, SPMS, and PPMS (Marzullo et al. 2019). Likewise, k-nearest neighbour
classification (kNN) performed on MEG graph data was able to identify patients from
controls (Hadriche et al. 2019). The success of these methods suggests that graph analysis

has the potential to provide meaningful markers of cognitive impairment.
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Microstate
Microstates are brief, quasi-stable topographies of EEG activity that are altered in several
neurological and psychiatric conditions, including MS (Michel and Koenig 2018). A review

of the relevant literature is presented in Chapter 8.

ERP

Event-related potentials (ERPs) are time-locked EEG responses to repetitive stimuli. These
responses are generally too small to be observed over the background of random EEG
fluctuations (“noise”) during any one stimulus presentation. However, averaging the
responses to many stimulus presentations increases the signal to noise ratio, revealing
the time-locked brain response, or ERP. The number of stimulus presentations, or “trials”,
needed to obtain an ERP will depend on the size and stability of the ERP. Stimuli that
produce higher-amplitude or more consistent ERPs will need to be repeated fewer times
than stimuli that produce lower-amplitude or more variable ERPs do. A wide variety of
stimuli are used to produce such ERPs, and particular peaks (“components”) of these
response waveforms are well-documented to reflect distinct neural processes. Changes in
the height or speed of these peaks are taken to reflect changes in these neural processes,

for example, due to a disease or intervention.

MMN

One common ERP in cognitive research is the mismatch negativity (MMN): a negative
waveform produced when responses to a novel stimulus are subtracted from responses
to a habituated stimulus (Ndatanen and Michie 1979). It has been used as an index of the
functioning of early change detection processes across a number of neurodegenerative
conditions (Raggi et al. 2008; Brgnnick et al. 2010; Papadaniil et al. 2016; Beste et al.
2008). Limited research has been conducted on the MMN in MS. Only one study has
reported alterations in the MMN in MS compared to controls (Jung et al. 2006). However,
the MMN may show associations with clinical scores even when it does not distinguish
people with MS from controls (Santos et al. 2006; Bissonnette et al. 2023). Additional

information about the MMN can be found in Chapter 7.

P2 and N2
The P2 and N2 are other common early cognitive ERP components that may reflect
change detection and target monitoring (Luck and Hillyard 1994; Freunberger et al. 2007).

In MS, studies generally show longer latencies (Whelan, Lonergan, Kiiski, Nolan, Kinsella,
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Bramham, et al. 2010; Collins et al. 1978) and smaller amplitudes (Vazquez-Marrufo et al.
2008; Jung et al. 2006) of the P2 and N2 peaks. These components may also be
responsive to cognitive training, with increased amplitudes and faster latencies seen after
a 20-session cognitive training program (Covey et al. 2018; Turtola and Covey 2021). This
suggests that these markers could be used to track treatment response to cognitive

rehabilitation or other interventions.

P3

The P3 (or P300) is one of the most studied ERP components and reflects attention and
decision processes. The latency and amplitude of P3 components may therefore be a
useful way of indexing impairment in attentional networks in patients with MS. The
waveform is typically evoked using visual or auditory “oddball” paradigms and can be
divided into P3a and P3b components representing responses to novel and expected non-

target stimuli, respectively (Polich 2007).

Findings differ regarding the presence and nature of P3 changes in people with multiple
sclerosis. In general, P3 latency appears to be higher in patients compared to controls
(Gonzalez-Rosa et al. 2006; Vazquez-Marrufo et al. 2008; Whelan, Lonergan, Kiiski, Nolan,
Kinsella, Bramham, et al. 2010; Sundgren, VV, et al. 2015; Gonzalez-Rosa et al. 2011).
However, this result may vary with choice of paradigm and subcomponent. For example,
Whelan et al. (2010) elicited the P3 using auditory frequency and visual size oddball tasks
and reported a slower patient latency for the auditory task only. However, in a later study
of P3 subcomponents, the same group saw an increase in P3a latency in patients for both
auditory and visual conditions (Whelan, Lonergan, Kiiski, Nolan, Kinsella, Hutchinson, et
al. 2010). The P3a latency in the visual condition differed between patients with RRMS
and SPMS, with longer latencies for RRMS patients frontally and for SPMS patients
parietally. In contrast to these studies using auditory frequency oddball tasks, a study
using auditory duration oddball stimuli observed a shorter P3a latency in patients (Jung et
al. 2006), suggesting that attentional networks in patients may respond differently to

different stimulus features.

Changes in the amplitude of the P3 in patients with MS are less well-characterized than
are changes in latency. Evidence has been found for both increases and decreases in P3
amplitude in patients with MS. Other studies have found no differences between patients

and controls. Like P3 latency, P3 amplitude results may be affected by the stimulus type.
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For instance, Migliore et al. (2018) found a higher amplitude P3 in patients in response to
affective images and no difference between patient and controls in response to neutral
images. Likewise, Sundgren et al. (2015) and Whelan et al. (2010) found no difference in
P3 amplitude between patients and controls in an auditory condition and did find
differences in a visual condition. However, these studies disagree on the direction of the
differences. A decreased P3 amplitude may also be apparent over time, with patients
displaying more of a decrease in visual task P3 than controls over 12 months (Kiiski, Reilly,

et al. 2011).

These conflicting P3 amplitude findings may be underpinned by differing effects of P3a
and P3b subcomponents. Amplitude changes in these subcomponents are incompletely
documented in patients. Some evidence suggests that there is no difference between
patients with MS and controls in P3a (Sailer et al. 2001; Lépez-Géngora et al. 2015) or P3b
amplitude (Azcarraga-Guirola et al. 2017; Sailer et al. 2001; Lopez-Gdngora et al. 2015).
Other studies suggest decreases in these amplitudes, for example, in P3a as
approximated by a decrease in the “area” of the component (Jung et al. 2006) and in P3b
as measured over a year (Kiiski, Reilly, et al. 2011). A decrease in P3b activity in patients
with MS is also evidenced by the finding of smaller event-related theta power increases in

patients (Kiiski et al. 2012).

In addition to showing differences between patients and controls, the P3 and its
components may also differentiate subgroups of patients. For example, the latency of a
visual P3a was found to be slowed over different regions in RRMS and SPMS (Whelan,
Lonergan, Kiiski, Nolan, Kinsella, Hutchinson, et al. 2010). RRMS and SPMS patients could
also be distinguished by a combined ERP-MRI model developed by Kimiskidis et al. (2016).
Additionally, the amplitude of an auditory P3b was found to differ between PPMS and
SPMS patients (Kiiski, Whelan, et al. 2011). Further research is needed to confirm these
findings. If identified, consistent differences in ERP measures between groups of patients
could allow for the development of tools to aid the diagnosis and subgrouping of these

patients.

The P3 also appears to correlate with cognition in MS. Several studies have found
correlations between P3 component characteristics and PASAT score or other measures
of cognition in patients with MS. For example, auditory P3 latency was found to correlate

with scores on the PASAT and a test of verbal memory (Whelan, Lonergan, Kiiski, Nolan,
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Kinsella, Bramham, et al. 2010; Kimiskidis et al. 2016). Visual P3 amplitude was found to
correlate with a global composite cognition score across patients and controls (Sundgren,
Wabhlin, et al. 2015). Furthermore, the change in PASAT score over 12 months was found
to correlate with the change in visual and auditory P3a amplitude on an individual level,
despite no significant changes in group-level PASAT scores over that time (Kiiski, Reilly, et
al. 2011). This finding, taken together with the finding that P3 measures were more
correlated with cognitive scores in patients than in controls (Sundgren, Nikulin, et al.
2015), suggests that the P3 may be a more useful indicator of cognitive function among

patients than between patients and controls.

Biomarkers of cognitive impairment in ALS

A brief overview of fluid and imaging biomarkers for cognitive impairment in ALS is
presented here. This is not intended to be a comprehensive review of the literature, but
rather a summary of some key points to facilitate discussion in the context of multiple
sclerosis. Like in MS, fluid, radiological, and electrophysiological biomarkers of cognitive

impairment presence and prognosis have been proposed.

Fluid

As in MS, fluid biomarkers such as neurofilament light chain (NfL) and glial fibrillary acidic
protein (GFAP) have been studied in the blood and CSF of people with ALS. A recent
meta-analysis shows that levels of NfL in the CSF are elevated in people with ALS (Verde
et al. 2024; Escal et al. 2022). NfL levels are also elevated in people with ALS compared to
healthy controls (Verde, Milone, Colombo, et al. 2023; Falzone et al. 2022; Escal et al.
2022). However, reports differ as to whether CSF and serum NfL levels are associated
with cognitive function (Verde, Milone, Colombo, et al. 2023; Olsson et al. 2019; Illan-Gala
et al. 2018). In contrast, increased levels of GFAP, a protein expressed by active
astrocytes, appears to reflect decreased cognitive function (Falzone et al. 2022; Verde,

Milone, Maranzano, et al. 2023).

Radiological
Structural and functional biomarkers of cognitive dysfunction have also been identified in
ALS. However, MRl is not used for routine clinical monitoring for ALS as it is for MS. This

means that the drawbacks of MRI use (cost, comfort, temporal resolution) are not
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mitigated by the potential for integration into routine practices as would be the case for

MS.

Structural and functional changes have been shown in people with ALS cognitive
impairment. For example, memory impairment was associated with reduced
hypothalamus volume (Michielsen et al. 2024). Systematic reviews support effects of
hippocampal and thalamic atrophy and altered connectivity on memory impairment
(Mohammadi, Ghaderi, and Fatehi 2024; Mohammadi, Ghaderi, Mohammadi, et al.
2024). Total grey matter volume may also be related to cognitive status (Lehto et al.
2024). However, other studies find no associations between structure or connectivity and

cognition (Spinelli et al. 2024).

Positron emission tomography (PET) is an imaging modality used to show metabolism in
specific brain regions. Evidence of altered metabolism has been shown in ALS, with
decreased metabolism in frontal and temporal regions and increased metabolism in
occipital and cerebellar regions accompanying reduced cognitive function (Lehto et al.

2024; Foucher et al. 2024; Canosa et al. 2020).

Electrophysiological

Electrophysiological correlates of ALS-related cognitive decline have also been identified.
Much of the electroencephalographic literature in ALS focuses on the P300 and its use in
brain-computer interfaces for communication or mobility. However, resting state and
task-based EEG measures have also identified markers of domain-specific cognitive
dysfunction. EEG results also support the PET observations of hyperactivity in frontal and
temporal regions as the disease progresses (McMackin, Dukic, Costello, Pinto-Grau,

McManus, et al. 2021).

Decreased performance on composite measures of cognitive status are associated with
decreased B-band ERS (McMackin, Dukic, Costello, Pinto-Grau, Keenan, et al. 2021),
decreased N2 amplitude (McMackin et al. 2020), and decreased microstate transition
probabilities from A - D, C->B, and C->D (Metzger et al. 2024). Impaired language
functions have been associated with increased 8-band frontotemporal connectivity (Dukic
et al. 2019). Impaired executive function is associated with decreases in error-related
negativity amplitude (Seer et al. 2017), P3a amplitude (Lange et al. 2016), and P3 right

precuneus power (McMackin et al. 2020), and increases in 6-band frontotemporal
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connectivity (Dukic et al. 2019), left primary motor cortex and posterior parietal cortex

power (McMackin et al. 2019), and MMN latency (lyer et al. 2017).

Conclusions

As in ALS, neurophysiological biomarkers of MS presence, subtypes, and progression can
be identified using methods such as EEG, MEG, and TMS. Composite measures and
network representations of the brain may be especially suited to representing complex
and subtle dysfunctions in the brain networks of MS patients. However, non-MRI network
studies of MS remain relatively scarce and report variable results. MS network
neurophysiology, and in particular network electrophysiology, is an underexplored field
with the potential to identify meaningful markers of disease presence and progression.
Identification of such markers would substantially benefit clinical practice and trials due

to EEG’s practicality.
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Chapter 3
Aims and Objectives

Chapter summary

This chapter presents the aims and objectives of the research program. The overarching
goals of the project are listed in “Aims”. Then, specific steps to achieve these aims are

listed in “Objectives” along with brief methodological details and hypotheses.

Aims

Cognitive impairment is a common symptom of both multiple sclerosis (MS) and
amyotrophic lateral sclerosis (ALS). However, routine investigation of cognitive function is
generally not conducted in MS due to clinical constraints. Electroencephalography (EEG)
has shown promise for quantifying, classifying, and tracking cognitive dysfunction in other
neurodegenerative conditions like ALS. Alterations in EEG event-related potentials (ERP)
and resting state microstates have been found in ALS, and these changes are associated
with cognitive and clinical outcomes. The cognitive impairments seen in ALS show some
similarities to the impairments seen in MS. Therefore, this thesis aimed to apply methods
used previously in ALS to quantify cognitive impairment in multiple sclerosis, and to
compare these impairments to those seen in ALS to understand the degree of disease
specificity of the alterations. This overall goal can be divided into four specific aims that

are listed below.

Aim 1
Quantify brain activity related to specific cognitive tasks and whole-cortex network

activity in MS.

Aim 2
Understand relationships among age, gender, disease severity, EEG measurements, and

neuropsychological screening tools in MS.

Aim 3
Determine whether cognitive EEG changes are specific to individual conditions (MS, ALS)
and sub-conditions (RRMS, SPMS, PPMS) or are reflective of processes common to

multiple neurodegenerative conditions.
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Objectives

In service of these aims, a research program with four objectives was constructed. These

objectives are described below.

Objective 1
Measure task-based ERP responses in people with MS and evaluate their relationships

to demographic and clinical variables

People with ALS and people with MS both show evidence of impaired executive function,
which includes processes like attention, working memory, task switching, and response
inhibition. These processes have been evaluated in ALS using task-based event-related
potential (ERP) EEG measurements like oddball paradigms and the sustained attention to
response task (SART) (lyer et al. 2017; McMackin et al. 2020). Impaired ERPs relative to
controls on these tasks are associated with cognitive outcomes in ALS. Therefore, these
tasks and ERPs may also capture cortical activity relevant to cognitive function in people

with MS.

Approach: Collect data from people with MS and healthy controls during a passive
auditory frequency oddball task and the sustained attention to response task (SART).
Measure ERP responses to these tasks in MS and compare them among MS subtypes and
to healthy controls. Compare features of the ERP response to demographic and

neuropsychological screening measures.

Hypothesis: People with MS will show altered ERP responses to the passive auditory
frequency oddball and SART paradigms. These alterations will differ between subtypes
and correlate meaningfully with demographic characteristics and scores on

neuropsychological screening tools.

Objective 2
Measure whole-brain EEG network activity in people with MS and evaluate

relationships to demographic and clinical variables

Presentations of cognitive dysfunction, like other symptoms of MS, are highly
heterogeneous. Therefore, the specificity of measuring task-based activity at individual
electrodes may fail to capture cognitively related cortical changes in people who are

affected in atypical processes or locations. Additionally, task-based paradigms can be time
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consuming and often require an active cognitive or motor response from participants.
Therefore, they can be influenced by levels of cognitive or physical disability, fatigue, and
participant motivation. In contrast, resting state EEG (rsEEG) can be recorded in minimal

time from participants with high levels of physical or cognitive disability.

Resting state EEG microstates are one method to quantify the activity of brain networks
at rest. Network-level analysis may be able to more broadly characterize cognitively

related cortical alterations in MS. Alterations to rsEEG microstate parameters have been
described in ALS and MS (Metzger et al. 2023; Gschwind et al. 2016; Baldini et al. 2023).
However, no studies have evaluated these microstates in people with progressive forms

of MS.

Approach: Collect resting state data from people with MS and healthy controls and
guantify the activity of microstates during these recordings. Compare microstate
properties between people with and without MS as a replication of the literature.
Compare microstate properties among subtypes of MS. Correlate these properties with

demographic and neuropsychological variables.

Hypothesis: Resting state EEG microstate properties will be altered in MS and among MS
subtypes. These alterations will reflect clinically meaningful demographic or

neuropsychological features.

Objective 3

Directly compare ERP alterations in MS and ALS using identical methodologies

The cognitive impairments seen in MS and ALS overlap, yet it remains unclear whether
these shared changes are caused by shared neurodegenerative processes. Comparing
alterations reported in the literature between studies is difficult due to the high degree of
paradigm-specificity of these measures. Slight differences in stimulus type, recording
equipment, or analysis methods could produce ERP variations, so direct comparison

between studies remains difficult.

ERP responses to the passive auditory frequency oddball and SART have been previously
studied in ALS by members of the Academic Unit of Neurology (lyer et al. 2017; McMackin
et al. 2020). These analyses were conducted in the same location using the same

recording equipment and analysis methods as the MS participant recordings used in this
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thesis. Therefore, these datasets represent a unique opportunity to directly compare ERP

alterations between neurodegenerative conditions.

Approach: Assemble a joint MS-ALS dataset of ERP responses to the passive auditory
frequency oddball and SART implementations used by the Academic Unit of Neurology.
Compare ERP measurements between participants with MS, ALS, and healthy controls to

understand whether ERP alterations are standard or disease specific.

Hypothesis: ERP alterations will differ between MS and ALS, indicating that cognitive
dysfunction in these conditions is related to disease-specific cortical changes, rather than

solely the presence of neurodegeneration.

Objective 4

Enable future longitudinal analysis of cognition across MS subtypes

The presence of cognitive impairment in MS is now widely acknowledged, but methods to
reliably track or predict dysfunction are still lacking. EEG may be a better tool for
longitudinal tracking and prediction of cognitive impairment than MRI than due to its
cost, flexibility, and participant comfort. Additionally, EEG may show advantages over
neuropsychological testing in biological relevance and reduced practice effects. However,
the identification of EEG biomarkers for prediction or progression tracking of cognitive
impairment in MS will require repetitive measurement of these signals over time. The
variables of interest used in such an analysis should remain stable over time in the
absence of cognitive change, so that any changes observed reflect changes to cognition or
MS progression rather than variability in the measure. Therefore, this thesis aims to
assemble the primary “Time 1” basis of a longitudinal dataset and to evaluate the

potential of the EEG methods used here for longitudinal use.

Approach: Collect cognitively related EEG data from a large, representative sample of
people with MS who may be willing to complete additional follow-up recordings. Assess
the test-retest reliability of ERP measurements to determine which ones will be suitable

for use in these follow-up recordings.

Hypothesis: EEG measurements will vary in their test-retest reliability. A selection of

measures will show satisfactory reliability for longitudinal use.
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Chapter 4
Materials and Methods

Chapter summary

This chapter contains a general discussion of the participants, protocols, and analyses
used in this project. Specific information pertaining to individual studies are included in

each results chapter.

Experimental design and research plan

The studies included in this thesis center around the individual research questions posed
in the previous chapter. In short, the studies aim to identify cognitively relevant EEG
changes in multiple sclerosis (MS) and place these in the context of cognitive EEG

alterations found in ALS.

Three cross-sectional studies (Chapter 6-Chapter 8) were planned to understand ERP and
EEG microstate alterations in MS. A comparative study of ERPs in MS and ALS was
planned to understand commonalities and differences in EEG-captured cognitive

impairment in these conditions (Chapter 9).

The original proposal for this thesis included a longitudinal assessment of ERP measures
in MS. However, this part of the project became practically infeasible due to facility
restrictions during the COVID-19 pandemic. Instead, the test-retest reliability of these ERP

measures was assessed to prepare for future longitudinal study (Chapter 5).

Recruitment and participants

Ethical approval
All studies were carried out with prior ethical approval from the relevant bodies® and in
accordance with the Declaration of Helsinki. Information leaflets (Appendix D) and

procedural information were provided to all study participants before the study visit.

8 Beaumont Hospital Ethics (Medical Research) Committee —reference: 18/63

St. Vincent’s University Hospital Research Ethics Committee —reference: R519-054

St. James’s Hospital/Tallaght University Hospital Joint Research Ethics Committee —reference: 2017-02,
Chairman’s Action 18
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Informed, voluntary consent was obtained from all study participants prior to data

collection.

Recruitment process and sources

Participants were recruited to the study through a combination of in-person interactions
in neurology clinics and outreach events, online advertisements, and word-of-mouth. The
recruitment of a large sample of vulnerable participants (age and/or disability) during a
pandemic was a major obstacle to the project and required adaptation of typical
recruitment procedures, so a detailed protocol is provided in Appendix B as a resource for

researchers facing similar challenges.

MS participant recruitment

Potential participants with MS were approached by study team members, research
nurses, or consultants during routine visits to general neurology or MS specialist clinics at
Beaumont Hospital, St. Vincent’s Hospital, and St. James’ Hospital. Interested and eligible
participants were contacted by phone or email to confirm eligibility, provide study

materials, and schedule EEG visits.
Additional participants were recruited through online advertisements.

ALS participant recruitment

Some ALS datasets were recorded prior to the start of this project and were made
available in a pseudo-anonymized format. Additional participants were recruited during
this project. All participants were recruited in a similar manner to the process described
above: prospective participants with diagnosed ALS were approached during multi-
disciplinary ALS clinics at Beaumont Hospital to ascertain interest in research and consent
for future contact. Those interested, willing, and able to participate were given more

information in a follow-up phone call and were scheduled for an EEG visit if suitable.

Control recruitment

Neurologically healthy control participants were recruited directly through this thesis
project and via existing databanks within the Academic Unit of Neurology. Datasets from
prior projects were shared in pseudo anonymized form. Control data collected prior to
this project was intended to be age-matched to participants with ALS (which generally has

an older age of onset than does MS) and therefore was not appropriately age-matched to
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our participants with MS. Therefore, an effort was made to recruit younger controls

through word-of-mouth and online advertisements.

Inclusion and exclusion criteria

Complete eligibility criteria are provided in Appendix A. All participants were subject to
standard EEG exclusion criteria. Controls were excluded for neurological and muscular
conditions or first-degree relatives with ALS or MND. Participants with ALS or MS were
excluded for any diagnosis of neurological or muscular conditions other than ALS or MS.
No participants with both ALS and MS were recruited. Participants with MS were
excluded for changes to disease-modifying therapies (DMT) or relapses within the

previous 3 months.

In contradiction to typical EEG exclusion criteria, people with MS taking SSRIs and SNRIs
were eligible for recruitment, though severe active psychiatric disease remained an
exclusion criterion for this group. This was allowed due to the expected high rate of
participants with MS taking these medications. An unpublished undergraduate thesis
found no effect of SSRI or SNRI medications on the ERP measures used in this thesis

(O’'Meara 2024).

Demographics

In total, data from 87 people with MS, 74 people with ALS, and 130 healthy controls were
included in this thesis. Relevant demographic data about the samples for each study are
included in the respective Results chapters. The collection and assembly of a novel MS
dataset represents a key output of this thesis project. Therefore, a summary of the
demographic features of this dataset is included here (Table 1). This sample is generally
reflective of the wider MS population in Ireland (O’Connell et al. 2017). Our sample has a
slightly higher female to male ratio (approximately 3:1 rather than 2.7:1) and lower
depression rates as measured by the HADS-D (approximately 22% compared to 34%). The
average age of onset reported here (37 years) is the same as the average age of RRMS
onset in Ireland (O’Connell et al. 2017). Anxiety and cognitive impairment screenings

were not reported in the reference study.
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Table 1. Demographic features of the newly collected Multiple Sclerosis Cognitive EEG dataset.

n overall 87
female 66 (76%)
gender
male 21 (24%)
RRMS 67 (77%)
bt SPMS 10 (11%)
su e
P PPMS 9 (10%)
missing 1(1%)
right-handed 76 (87%)
handedness left-handed 8 (9%)
ambidextrous 3 (3%)
medication DMD 63 (72%)
use SSRI or SNRI 13 (15%)
q age 48.6+12.1 21-72
ase a.n age at onset 36.5+11.1 15-58
duration
disease duration 10.68 +£9.78 0-51
mean t st. dev. range # abnormal
MSNQ | 5794131 0-58 48
(227 abnormal)
screening HADS-A 7.1+4.0 0-18 37
scores (28 abnormal)
HADS-D 49+2.8 0-11 19
( 8 abnormal)

Experimental design

Data for this thesis were collected as part of a three-arm study of cognition in multiple
sclerosis consisting of 1) questionnaires, 2) a full-battery neuropsychological visit, and 3)
the EEG visit. All participants completed phase one (questionnaires) and could choose
whether to then complete only phase two, only phase three, or both phase two and
phase three. The thesis focuses on the EEG arm of the study, with inclusion of some data

from the questionnaire phase.

Questionnaire collection and neuropsychological visit
Participants with MS completed the multiple sclerosis neuropsychological questionnaire

(MSNQ) (Benedict et al. 2003) and hospital anxiety and depression scale (HADS) during in-
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person recruitment, online Qualtrics recruitment, or during the EEG visit if recruited

directly.

The neuropsychological visit phase consisted of a 2-3hr in-person or video call visit with a
trained neuropsychologist researcher® at Beaumont Hospital. Participants completed a
full battery of clinical neuropsychological tests. The tests included in this visit are listed in

Appendix F.

Equipment and set-up

All EEG recordings were carried out in the Wellcome-HRB Clinical Research Facility at St.
James’s Hospital'®. Recording procedures were the same for each participant group.
Experimenters were not blinded due to overlap between the recruitment, consenting,

and study visit personnel.

Participants sat on a comfortable, high-backed chair or their own wheelchair in an
electrically shielded room approximately 1m in front of a standard computer monitor.
Flat Ag-Ag/Cl active EMG electrodes (BioSemi) with a small amount of conductive gel
(Signagel, Parker Labs) were attached to cleaned right and left earlobes, right and left
mastoids, right and left outer canthi, and above and below the left eye as alternate

references and to aid in the detection of blink artefacts.

Participants wore an EASYCAP (GmbH) mesh cap fitted with 128 active pin Ag-Ag/Cl wet
electrodes. EEG signals were recorded at 512Hz using a BioSemi ActiveTwo EEG system in
Actiview software. Signal offsets (electrode voltage-CMS reference voltage) were kept

between + 25mV throughout.

Experimental blocks
All EEG tasks were recorded in short blocks (2-7min) to minimize movement and monitor

participant comfort and safety.

Auditory oddball
Three blocks (~7min each) of a passive auditory frequency oddball task (lyer et al. 2017)

were recorded. Participants watched a silent movie (The Artist (Hazanavicius 2011)) in a

% Dr. Marta Pinto-Grau; Dr. Orla Strahan; Tara Boyle, Lorna O’Sullivan, Leticia Handel
10 https://www.sjhcrf.ie/
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darkened room while unattended auditory stimuli played through Sennheiser HD650
headphones (Wedemark, Germany). Auditory stimuli were 150ms pure tones of standard
(720Hz) or deviant (800Hz) frequencies with 833ms inter-stimulus intervals. Deviant tones

were presented at random and accounted for around 10% of the total stimuli.

SART

Four, five-minute blocks of the sustained attention to response task (SART) (Robertson et
al. 1997) were delivered as described in McMackin et al. (McMackin et al. 2020).
Participants were presented with a series of random single digits and asked to click a
standard computer mouse in response to each digit except the digit “3”. Digits were
presented in light grey (RGB: 250,250,250) on a black background with randomly varied
font sizes of 100, 120, 140, 160, or 180pt and randomly varied inter-stimulus intervals of
1120-1220ms.

Participants completed an unrecorded practice block of up to 45 trials with experimenter
feedback on the nature of task performance (e.g. “remember to keep the rest of your
body still”, “click every time you see a number except for the number three”). No
feedback was given on the quality of task performance (e.g. “go faster”, “you got all of
those right”). After the practice block, participants completed four blocks of 252 trials

each.

Resting state

Six two-minute blocks of resting state EEG were recorded: three with eyes open (lights
on, 6x8cm? “X” gaze target) and three with eyes closed (lights off). Participants were
instructed to relax their body and let their mind wander. The EEG signal was monitored

for wakefulness and movement throughout.

Data storage and protection

Participant data collected as a part of this project is subject to the protections laid out in
the General Data Protection Regulations (GDPR). All participants were informed of their
rights under GDPR during the informed consent process. All data collection, handling, and
storage procedures were carried out in compliance with GDPR. A data protection impact
assessment was performed for all research in the Academic Unit of Neurology and was
approved by the Data Protection Officer of TCD. Data storage and protection details are

provided in Appendix C.
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Data processing

These sections provide details on signal pre- and post-processing for the major types of
analyses used in this project. Deviations from these methods and information about

choices related to statistical analysis are given in the relevant chapters.

Code acknowledgements

Data processing was completed in MATLAB R2016a-R2020a (2020) with additional
toolboxes: EEGLAB (v14_1 2) (Delorme and Makeig 2004), ADJUST (v1.1.1) (Mognon et al.
2010), EyeBallGUI (1.0) (Mohr et al. 2017), erplab (7.0.0) (Lopez-Calderon and Luck 2014),
Biosig (3.3.0) (Schloegl 2017), and FieldTrip (fieldtrip-20190419) (Oostenveld et al. 2011).

Analysis codes were adapted from those written by previous group members.

MMN analysis codes were authored by Michael Broderick!! with updates from Roisin
McMackin'2. SART ERP codes were created by Roisin McMackin based on MMN analyses
written by Michael Broderick. Some ERP plotting steps were written by Etain O’Meara'3,
and these are referenced in figure legends when used. Resting state preprocessing was

written by Stefan Duki¢!4. Microstate analysis was written by Marjorie Metzger?!>.

ERP analysis

Data from the auditory oddball and SART paradigms were analyzed to obtain event-
related potentials (ERP), or averaged, time-locked responses to stimuli. A general
overview of the data processing steps is given here. Details specific to each analysis are

mentioned within the relevant chapters.

Data cleaning

A 0.3Hz dual-pass 5™-order Butterworth high-pass filter was applied bidirectionally (zero-
phase) to remove slow drifts due to sweat or electrical drift. A 30Hz (MMN) or 35Hz
(SART) dual-pass (zero-phase) 117t order equiripple finite impulse response (FIR) low-
pass filter was applied to remove high-frequency artefacts like EMG signals while

maintaining a sharp cutoff to avoid distortion of EEG signals in the upper part of the

1 ORCID: 0000-0001-9765-5537
12 ORCID: 0000-0002-9223-2241
13 ORCID: 0009-0007-5581-5011
14 ORCID: 0000-0001-7867-2876
> ORCID: 0009-0007-5463-1931
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passband. A slightly higher cutoff frequency had previously been chosen for low-pass
filtering data in the SART study to preserve the integrity of higher frequency signals in the
passband for spectral or source analyses. This choice was maintained here to ensure

compatibility with linked datasets.

Continuous data were manually scanned to mark sections of time points corresponding to
muscle tension, cable movement, or other non-stereotyped artefacts using the ERPLAB
v7.0.0 (Lopez-Calderon and Luck 2014) and EEGLAB v14.1.2 (Delorme and Makeig 2004)
toolboxes. These sections were removed, and data were epoched from 200ms before the
stimulus to 600ms (MMN) or 900ms (SART) after the stimulus. Epoched data were
submitted to independent component analysis using the ADJUST toolbox v1.1.1 (Mognon
et al. 2010). Components corresponding to stereotyped artefacts (eye blinks, horizontal
eye movement, line noise, faulty channels) were identified through manual inspection

and removed from the data.

Signals were baseline subtracted and referenced to the common average. A common
average reference (CAR) was chosen for all electrodes to reduce bias from location-
specific variations that could affect single reference electrodes, whether “inert” or active.
CAR was deemed appropriate due to the high density and full head coverage of our

experimental setup.

ERP feature calculation

ERP waveforms were created for each participant at each electrode by averaging signals
across all trials. Signals were referenced to the common average and the average baseline
was subtracted from the post-stimulus ERP. For each ERP component of interest, a search
window was determined based on prior literature or manual inspection of the plotted
waveform. Amplitude values were averaged across this time window to obtain the
component’s mean amplitude. If the component of interest was positive (e.g. P2), the
positive data points within this window were defined as the component. Negative data

within the window was selected for negative components (e.g. N2).

If a peak of the correct direction was found within the window, four additional
characteristics were calculated based on its size and timing. The maximal amplitude, or
peak amplitude, of the component was the amplitude value with the largest magnitude

measured within the component. The latency, or standard latency, of the component was
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the time point corresponding to the maximal amplitude. The area of the component was
the sum of the amplitude values across the window. The timepoint corresponding to the

centroid of this area was labelled the amplitude-weighted latency.

If no positive data was found within the search window (or negative data for a negative
component), then only the mean amplitude was calculated. The remaining component
characteristics were set as “NaN” (not a number) to exclude the participant’s data from

further calculations.

Channel selection

Four electrodes along the central midline (Fz, FCz, Cz, Pz) were chosen for analysis in the
ERP studies included here. These electrodes were selected because they are the locations
at which the ERPs of interest (MMN, P2, N2, P3) are maximal and typically recorded. The
ERP responses at these electrodes represent summed activity throughout the brain and
are generated by multiple regions (including the temporal sources expected to show
maximal pathology in MS), but are best recorded from the central chain. Additionally, the
selection of a common and minimal set of electrodes capable of recording these
electrodes was intended to facilitate future translation of this battery to clinical or mobile

applications.

Microstate analysis
Resting state data were analyzed to obtain EEG microstates using methods described in
Dukic et al. (2019) and Metzger et al. (2023). Detailed explanations of the preprocessing

and microstate computation steps are given within Chapter 8.

For each participant, the length of individual instances (duration), number of instances
(occurrence), proportion of the full signal spent in the class (coverage), global explained
variance (GEV), and global field power (GFP) were calculated for each microstate class.
Additionally, the probability of transition between each pair of microstate classes was

calculated for each participant.

Statistical analysis

Pairwise comparisons
Comparisons between two sample data (e.g. microstate properties between participants

with MS and healthy controls) were completed using the non-parametric Mann-Whitney
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U test (Mann and Whitney 1947a). A non-parametric test was chosen because it does not

require the variable being compared to be normally distributed.

ANOVA

Between-group comparisons with covariates were carried out using multi-way analyses of
variance (ANOVA). To satisfy the assumptions of this parametric test, the data were
subjected to an inverse normal transformation (across all groups) to enforce a normal
distribution. First, data were ranked and converted to quantiles. The cumulative
distribution function (CDF) of the standard normal distribution was then applied to obtain
normalized scores corresponding to the cumulative probabilities represented by the

guantiles.

The ANOVA test compares group means by assessing the ratio of variance between
groups to variance within a group. The test reveals the presence of an effect but not its
location, so it must be followed by pair-wise post-hoc tests between groups or factors to

locate the significant effect.

In anticipation of subsequent multiple comparisons, post-hoc testing was conducted
using Fisher’s Least Significant Difference (LSD) test to avoid “over-correcting” the data
and committing Type Il errors, or incorrect acceptance of the null hypothesis (false
negative). This test is similar to a series of t-tests but uses a pooled standard deviation
from all groups instead of from just the two groups being compared (Williams and Abdi

2010).

Correlation measures

Relationships between EEG measures and clinical or demographic features were assessed
using Spearman’s rank correlation coefficients, a non-parametric test of the strength and
direction of the relationship between two monotonically related variables (Spearman
1904). This test was chosen over Pearson’s correlation coefficient because it does not

assume a linear relationship between the two variables being tested.

The correlation between inverse normal transformed repeated measurements (test-
retest reliability, Chapter 5) was assessed using intraclass correlation coefficients. Details
of the model used are provided in Chapter 5. Model selection was made according to

recommendations in McGraw and Wong (1996) and Koo et al. (2016).
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Corrections for multiple comparisons

When conducting a large number of hypothesis tests, the likelihood of rejecting a true
null hypothesis (Type | error) increases with increasing numbers of tests. To counteract
this phenomenon, the output of groups of hypothesis tests should be subjected to
corrective measures to control the level of error. A false-discovery rate (FDR) correction is
a method often used when the number of comparisons is high, as is often the case with
electrophysiology data. In such cases, methods that control the family-wise error rate
(FWER), like the Bonferroni correction (1936), may be too stringent. The FDR was
introduced by Benjamini and Hochberg (1995) to control the rate of expected false
discoveries at a set level. An update to this method based on the distributions of the p
values provides more power (Benjamini et al. 2006). An implementation of this updated
“adaptive” approach was used to correct for multiple comparisons throughout this thesis

(Nasseroleslami 2018).

Presentation of values

Measured and calculated data values are shown rounded to the appropriate level of
precision. For example, EEG measures on a millisecond scale, so values with the unit
“second” are rounded to the nearest thousandth place and values with the unit

“millisecond” are rounded to the nearest integer.

Statistical values such as correlation coefficients and F-statistics are shown to two decimal
points. P-values are rounded to three decimal points in the text unless they are below
0.0005 (rounding to 0.000), in which case they are shown as “p<0.0005”. Due to the
nature of FDR correction, p-values are shown in their uncorrected form, unless otherwise

indicated.
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Results: Test-Retest Reliability

The sustained attention to response task elicits highly reliable ERPs

Chapter summary

This chapter presents a test-retest reliability analysis of the ERP measurements used in
the thesis. This is the first reported analysis of the reliability of EEG components during
the sustained attention to response task (SART). ERPs elicited during the SART are shown
to be highly reliable upon repeat testing, while ERPs elicited during a passive auditory
oddball are shown to be less stable over time. The implications of these results for future

longitudinal applications are discussed.

Introduction

Electroencephalography (EEG) is a safe, well-tolerated method for investigating fast
cortical activity. The cost, portability, and flexibility of EEG recording make EEG a good
choice for longitudinal research, including the measurement of cognition as part of
clinical trials. ERPs that change over time in accordance with changes to cognitive
impairment could be used as biomarkers of cognitive impairment progression. However,
it is important to establish whether longitudinal changes to these ERPs reflect changes in
cognitive neural activity or random variation in the measure. If an ERP is highly variable
when measured repeatedly, then changes in the ERP due to changes in cognitive
processes may be hidden. Therefore, it is important to use ERP biomarkers that produce
markers that are stable over repeat testing in the absence of cognitive change. If a
measurement shows a high degree of stability upon repeat testing (high test-retest
reliability), then observed changes in these markers can be interpreted as indicative of

cognitive or neurological change because of disease progression or treatment response.

This study aims to evaluate the reliability of the ERP markers of cognition described in the
methodology section. This thesis project does not include longitudinal analyses. However,
metrics with good test-retest reliability will allow this work to be extended longitudinally

and supports the work of others using these methods and analyses longitudinally.

The reliability of ERPs elicited by the sustained attention to response task (SART)

(Robertson et al. 1997) has not previously been studied. However, components like the
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P2, N2, and P3 produced by other tasks have been reported to have good reliability in

related tasks (Himmerer et al. 2013; Brunner et al. 2013).

In contrast, the reliability of the mismatch negativity (MMN) has been the subject of
extensive cognitive and sensory research. Reports of the MMN'’s reliability vary, which
may be partially attributable to the wide variety of tasks used to produce it. In this study,
we used a two-stimulus passive auditory frequency oddball task in which participants
watched a silent movie while unattended auditory stimuli of two different pitches (one

frequent and the other infrequent) played through headphones.

A similarly passive task using frequency deviations in complex tones was studied by
Tervaniemi et al. (1999), who found poor to moderate Pearson test-retest correlations of
0.41 for the MMN’s latency and 0.53 for its amplitude over inter-test intervals of 1-27
days. Escera et al. (1996) found slightly higher Pearson coefficients for the passive
frequency deviation MMN'’s latency at Fz (r=0.582) and amplitude at F4 and C3 (r=0.598,

r=0.657) over a shorter inter-test interval of 2 hours.

However, the use of Pearson’s correlations to assess test-retest reliability may be
insufficient to assess reliability where the goal is to assess changes on an individual,
rather than group, level. The Pearson test assesses the direction and strength of the
relationship between sets of paired data. This means that a high Pearson’s r in an MMN
amplitude test-retest experiment would indicate that participants with higher amplitudes
at the first test tended to have higher amplitudes at the second test, and vice versa. This
correlation would be unchanged even if the amplitudes on the second day were each
10uV higher than on the first day; high amplitude producers remain high amplitude
producers, and low amplitude producers remain low amplitude producers. (This property
of the method is what allows it to be used to compare paired data of different modalities,

for example, patients’ age and blood pressure).

This way of looking at reliability may be sufficient if we aim to compare groups of
participants at multiple time points. If, for example, we are aiming to compare MMN
amplitudes between people with RRMS and SPMS at multiple time points, we would
observe an effect if one group’s MMN amplitudes are consistently higher than the other,

regardless of the specific values of these amplitudes.
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However, if we would like to assess change in an individual over time or compare
experimental groups to a control group that is only recorded once at baseline, the values
themselves of these measurements become important. In this case, the intraclass
correlation coefficient (ICC) (Fisher 1915) can be used to assess the “absolute agreement”

of values over time.

Using this method to evaluate test-retest reliability, Wang et al. (2021) observed good
reliability (ICC= 0.722) for a frequency oddball across 3-4 time points. Localizing the dipole
sources of a passive frequency deviation MMN obtained in the background during a

distractor task also produced good ICC reliabilities (0.78) (Frodl-Bauch et al. 1997).

This study aims to determine the ICC test-retest reliability of the ERPs obtained by the
methods used in this thesis to assess whether these markers are suitable for future

longitudinal research.

Methods

Ethical approval

This study was covered by approvals from the Beaumont Hospital Ethics (Medical
Research) Committee (REC reference: 18/63), the St. Vincent’s University Hospital
Research Ethics Committee (REC reference: R$19-054), and the St. James’s
Hospital/Tallaght University Hospital Joint Research Ethics Committee (REC reference:
2017-02 Chairman’s Action 18). Informed, voluntary consent was obtained from all study

participants.

Participants

Recruitment

Neurologically healthy young adults (n=11) were recruited via email circulation and word
of mouth within the Academic Unit of Neurology and associated teams. Potential
participants were not approached directly to help ensure that the decision to participate
was voluntary and minimally influenced by interpersonal dynamics. The indirect approach
also allowed potential participants to self-assess their eligibility against our criteria before
expressing their interest. This minimized the risk of unnecessary disclosure of medical,

psychiatric, or medicinal information in the case of ineligibility.
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Exclusion criteria

The study used the standard healthy control exclusion criteria in use by the lab to
maximize applicability to our experimental data. These criteria include any diagnosis of
neurological, psychological, or muscular conditions, use of CNS-acting medications,
history of seizures, history of head trauma causing a diagnosed concussion or loss of
consciousness, metallic implants in the head, and current pregnancy or breastfeeding

(Appendix A).

Participants not meeting these exclusion criteria and able and willing to attend the
Clinical Research Facility at St. James’ Hospital, Dublin on two consecutive days were

invited to participate.

Demographics

Eleven participants were recruited, and one participant was excluded following the Day 1
recording due to an illness preventing attendance on Day 2. The remaining participants
(n=10) had an average age of 25.9 + 2.5 years and were evenly balanced male and female
(n=5 each). Half of the participants attended during the morning on both days and the

other half attended during the afternoon on both days.

Characteristics of the final sample are presented in Table 2.

Table 2. Demographics of the sample

n 10

mean age (years) [SD] 25.9 [2.5]
age range (years) 23-31
Gender (f/m) 5/5
Handedness (R/L) 9/1
Appointment time (AM/PM) 5/5

Data acquisition

Participants were seated in a comfortable, high-backed chair placed approximately 1min
front of a standard computer monitor in an electrically shielded room. 128-channel EEG
(BioSemi ActiveTwo) with 8 facial EMG electrodes was recorded during four different

experimental blocks (discussed in detail in the Materials and Methods chapter): 1) a
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passive auditory-oddball paradigm (lyer et al. 2017), 2) the sustained attention to
response task (Robertson et al. 1997; McMackin et al. 2020), 3) resting blocks with eyes
open and closed, and 4) the MotorMarker paradigm®®. The auditory oddball and
sustained attention to response tasks were selected for the analysis described in this
chapter. Three participants did not complete the MotorMarker block due to the
unavailability of a trained experimenter for that paradigm. As this block came at the end
of the four tasks, omission of the task would not cause differences in performance in the
prior blocks. The MotorMarker recording block lasted generally between 30-60min and
represents a negligible exertion for the young, healthy participants included in this study,
so we furthermore would not expect inclusion or omission of this block on Day 1 to

influence physical or mental performance during the other blocks on Day 2.

After completing these four recording blocks, participants were offered the use of a
shower within the facility to wash their hair or given the option to wash their hair at
home. In both cases, participants were instructed to return the following day with clean

and dry hair to avoid introducing a new source of noise or bridging on the second day.

The start time for both days was kept consistent within a single participant to limit the
potential effects of circadian variability in these measures. Participants were evenly
divided across morning and afternoon sessions. The experimenters were also kept

consistent between days.

Data pre-processing

Data were pre-processed according to the general steps described in the Materials and
Methods chapter. Specifics of the implementations used here are provided below. Where
a step or setting is not specified, this step is as described in the Materials and Methods

chapter. Untrimmed means were used during averaging steps for this analysis.

ERP calculation
Auditory oddball recordings were epoched between 200ms pre-stimulus and 600ms post-

stimulus. Average responses to standard and deviant trials were obtained for each

16 The MotorMarker experimental paradigm is a series of pincer grip tasks requiring sustained, intermittent,
or modulated force. The paradigm and its analysis are described in detail in Bista, S. (2024) Network
Analysis in Amyotrophic Lateral Sclerosis during Voluntary Motor Task: Neurophysiological Biomarkers of
Disrupted Cortical Connections. PhD thesis. Trinity College Dublin.
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participant at each day and channel and subtracted to obtain the mismatch negativity
(MMN). Visual inspection of the plotted difference waveforms suggested 200-400ms
post-stimulus as the appropriate MMN time window for this cohort (Figure 1). The

maximal negative deflection during this window was taken to be the MMN peak.

SART recordings were epoched between 200ms and 900ms post-stimulus. Responses to
“Go” and “NoGo” trials were averaged separately within each participant at each channel.
For each trial type, the P2, N2, and P3 components were selected from windows 100-

300ms, 150-350ms and 350-550ms post-stimulus, respectively.

Waveform feature calculation

The amplitude and latency of the peak, mean amplitude across the component,
amplitude-weighted latency, and area under the component were calculated for each ERP
component (auditory oddball: MMN; SART: P2, N2, P3) at four channels of interest along
the central midline: Fz, FCz, Cz, and Pz. An inverse normal transformation was applied to
the data for each feature across days to ensure a normal distribution prior to statistical

analysis with parametric tests.

Statistical analysis

Intraclass correlation coefficients (ICC) between Day 1 and Day 2 measurements were
calculated for each waveform feature and channel pair using the MATLAB
implementation by Arash Salarian (2021) based on the work of McGraw et al. (1996). A
two-way mixed-effects absolute agreement model'” was selected based on the

recommendations of Koo et al. (2016).

ICC values are generally interpreted in the context of ranges, with ICCs less than 0.50
indicating poor reliability, between 0.50 and 0.75 indicating moderate reliability, between
0.75 and 0.90 indicating good reliability, and greater than 0.90 indicating excellent
reliability (Koo and Li 2016).

Hypothesis tests were conducted for each ICC value with the null hypothesis that the true

test-retest reliability of the measure does not differ from zero, or in other words, that the

17  MSR-MSE

MSR + MSCT—IMSE
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measure has no reliability (Ho: ICC=0). P-values for these tests were corrected separately
for auditory oddball and SART analyses using a 5% adaptive false discovery rate correction
(Benjamini et al. 2006). Uncorrected p-values and their significance after adaptive FDR
correction are reported here. The values of (1-ICC) are also provided, representing the
proportion of the variance due to all sources of measurement error. ERP features with

lower levels of measurement error can be interpreted to have higher retest reliability.

Results

MMN amplitude shows good test-retest reliability at Cz

MMN responses were observed at electrodes Fz, FCz, and Cz on Day 1 and Day 2 (Figure
1). No MMN was visible at Pz on either day. ICCs for each component feature and channel
are shown in Table 3. After adaptive FDR correction, only the amplitude of the peak at Cz
showed statistically significant reliability (p=0.002) (Table 3). The observed ICC of 0.87 for

this measurement indicates good reliability according to conventional guidelines (Koo and

Li 2016).
EEG Responses to a Passive Auditory Oddball Task
) Fz ) FCz ) Cz ) Pz
2: 15 15 15 2

-1 -1 -1
0 01 02 03 04 05 06 0 01 02 03 04 05 086 0 01 02 03 04 05 06 0 01 02 03 04 05 06

(s) (s) (s) (s)

Figure 1. Mismatch negativity event-related responses. The waveform is the subtraction of the responses to the deviant
stimuli from the responses to the standard stimuli. Day 1 subtracted responses are shown in blue, and Day 2 subtracted
responses are shown in red. The peak of the mismatch negativity (MMN) component can be observed between 0.2 and
0.4s (200-400ms) post-stimulus. No clear evoked responses are observed at Pz.
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Table 3. ICCs for MMIN components along central midline. Intraclass correlation coefficient (ICC) and measurement
error (1-ICC) values are shown for five waveform features at four channels of interest. The lower and upper bounds of
the 95% confidence interval (“LB” and “UB”) for the ICC are shown, as well as the F-statistic, degrees of freedom (“df1”,
“df2”), and p-value for the hypothesis test on the significance of the calculated reliability. P-values that are significant

after adaptive FDR correction are shown in bold.

ICC |1-ICC| LB uB F dfi | df2 p
Amplitude of peak 0.83 | 0.17 | 0.17 | 0.96 | 8.86 9 4.98 | 0.014
Mean amplitude 031 | 0.69 | -0.89 | 0.81 | 1.57 9 9.72 | 0.250
u'*: Latency of peak 0.38 | 0.62 | -0.65 | 0.82 | 1.86 9 8.38 | 0.193
Mean Latency 0.69 | 0.31 | -0.20 | 0.92 | 4.55 9 5.34 | 0.049
Area under component | 0.62 | 0.38 | -0.31 | 0.90 | 3.45 9 6.17 | 0.070
Amplitude of peak 0.68 | 0.32 | -0.26 | 0.92 | 4.67 9 4.69 | 0.058
Mean amplitude 0.24 | 0.76 | -0.67 | 0.76 | 1.50 9 8.71 | 0.281
d Latency of peak -0.14 | 1.14 | -1.24 | 0.63 | 0.79 9 3.24 | 0.653
* Mean Latency -0.55 | 1.55 |-12.05| 0.70 | 0.62 9 2.13 | 0.747
Area under component | 0.24 | 0.76 | -0.49 | 0.75 | 1.67 9 6.45 | 0.266
Amplitude of peak 0.87 | 0.13 | 0.48 | 0.97 | 8.69 8 8.50 | 0.002
Mean amplitude 0.55 | 0.45 | -0.46 | 0.88 | 2.45 9 9.46 | 0.094
d Latency of peak 0.68 | 0.32 | -0.22 | 0.92 | 3.34 8 8.73 | 0.048
Mean Latency 0.66 | 0.34 | -0.66 | 0.92 | 2.74 8 8.34 | 0.084
Area under component | 0.77 | 0.23 | -0.10 | 0.95 | 6.79 8 4.32 |1 0.035
Amplitude of peak 0.31 | 0.69 | -6.54 | 0.89 | 1.39 6 6.10 | 0.348
Mean amplitude 0.50 | 0.50 | -0.87 | 0.87 | 2.02 9 9.91 | 0.145
E Latency of peak -0.52 | 1.52 |48.85| 0.78 | 0.70 6 5.87 | 0.660
Mean Latency 0.80 | 0.20 | -0.15 | 0.96 | 4.65 6 6.73 | 0.034
Area under component | -0.24 | 1.24 |-75.91| 0.82 | 0.83 6 5.90 | 0.586

SART ERPs show excellent reliability across features and channels

Event-related responses to the SART were observed across all four channels of interest

during “Go” and “No-Go” trials on both recording days (Figure 2). Day 1 and 2 waveforms

show a high degree of morphological similarity, with the same components apparent

across days for each trial-channel pair. As expected, larger amplitude responses are

observed to “No-Go” trials than to “Go” trials. This effect is particularly apparent at

electrodes FCz and Cz.
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ERP measurements recorded during the SART were highly reliable. Significant ICC values
ranged from 0.68 to 1.0 (Table 4). Of the 120 ICC values calculated (5 features x 3
components x 4 channels = 120 measurements), 109 demonstrated significant reliability.
Of these 110 measures, 66 showed excellent reliability (ICC = 0.90), 35 showed good
reliability (0.75 < ICC £0.90), and 9 showed acceptable reliability (0.50 < ICC < 0.75). No
significant ICC values had a reliability rating of poor (ICC < 0.05).

Measures with insignificant reliability were the P2 “No-Go” peak amplitude and area at Cz
and Pz and amplitude-weighted latency at Cz, N2 “No-Go” peak and area at Fz and
latency, “No-Go” amplitude-weighted latency at Pz, and “Go” amplitude-weighted latency

at Cz, and P3 “Go” and “No-Go” latency at FCz and Fz, respectively.

EEG Responses to the Sustained Attention to Response Task
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Figure 2. EEG Response to the Sustained Attention to Response Task (SART). Averaged EEG response to the sustained
attention to response task (SART) across two days. Day 1 responses are shown in blue and Day 2 responses are shown in
red. Responses to “Go” trials are shown in the first row and responses to “No-Go” trials are shown in the second row. P2,
N2, and P3 components can be observed to varying degrees across trials, channels, and days.
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Table 4. ICCs for SART components along central midline. Intraclass correlation coefficient (ICC) and 1-ICC values are
shown for five waveform features from three ERP components at four channels of interest. P-values that are significant
after adaptive FDR correction are shown in bold. Exact p-values are expressed to three decimal places. Exact values are
not shown for p-values below 0.0005 and instead are represented as “<0.0005” for readability. Lower and upper bounds,
F-statistics, and degrees of freedom are not shown here for legibility but can be found in Supplementary Table 1.

P2 N2 P3

ICC | 1-ICC p ICC | 1-ICC p ICC | 1-ICC p
) Go 0.93 | 007 | <0.0005 | 0.90 | 0.10 0.001 | 090 | 0.10 0.030
Amplitude of peak
No-Go | 079 | o0.21 0024 | 034 | 066 0277 | 079 | 021 0.035
Go 0.91 | 0.09 0001 | 093 | 007 | <0.0005 [ 0.79 | 0.21 0.018

Mean amplitude
No-Go | 069 | 031 0.043 | 064 | 036 0.074 | 085 | 0.5 0.006

N Go 0.92 | 0.08 0.001 | 098 | 002 | <0.0005 | 0.94 | 0.06 0.011

Latency of peak
Ll No-Go | 063 | 037 0.067 | 094 | 006 | <0.0005 | 0.95 | 0.05 0.001
Go 0.81 | 0.19 0.013 | 0.90 | 0.10 0.001 | 093 | 0.07 0.013

Mean Latency
No-Go | 095 | 0.05 | <0.0005 | 0.81 | 0.19 0.016 | 096 | 0.04 0.002
Go 0.87 | 0.3 0.003 | 0.89 | 0.11 0.003 | 092 | 0.8 0.015
Area under component
No-Go | 0.83 | 0.17 0.013 | 0.16 | 0.84 0.407 | 075 | 0.25 0.051
. Go 096 | 0.04 | <0.0005 [ 0.97 | 003 | <0.0005 [ 0.91 | 0.09 0.006
Amplitude of peak
No-Go | 097 | 0.03 | <0.0005 | 0.93 | 0.07 0001 | 089 | o0.11 0.002
. Go 098 | 002 | <0.0005 [ 0.93 | 007 | <0.0005 [ 0.96 | 0.04 | <0.0005

Mean amplitude
No-Go | 097 | 0.03 | <0.0005 | 0.90 | 0.10 0.001 | 090 | 0.10 0.002
N Go 0.94 | 0.06 0.001 | 096 | 004 | <0.0005 | -2.03 | 3.03 0.839

J Latency of peak
L No-Go | 095 | 0.05 0.001 | 095 | 005 | <0.0005 | 0.84 | 0.16 0.007
Go 0.69 | 031 0.059 | 092 | 0.8 0010 | 085 | 0.5 0.013

Mean Latency
No-Go | 0.91 0.09 0.004 | 092 | 0.08 0.002 0.86 0.14 0.005

Go 0.95 | 005 | <0.0005 [ 0.98 | 002 | <0.0005 | 0.94 | 0.06 0.002
Area under component
No-Go | 0.94 | 0.06 0.001 | 092 | 0.8 0.001 | 090 | o0.10 0.001
Go 0.89 | 0.11 0.011 | 092 | 0.8 0.033 | 095 | 005 | <0.0005

Amplitude of peak
No-Go | 049 | 051 0291 | 0.84 | 0.16 0.017 | 094 | 006 | <0.0005

Go 0.90 0.10 0.002 0.92 0.08 <0.0005 0.95 0.05 <0.0005

Mean amplitude
No-Go | 084 | 0.6 0004 | 088 | 0.12 0.002 | 096 | 0.04 | <0.0005

Go 0.91 0.09 0.011 0.85 0.15 0.107 0.97 0.03 0.002

Latency of peak

Cz

No-Go 0.86 0.14 0.029 0.94 0.06 0.003 0.61 0.39 0.098

M L Go 0.43 0.57 0.301 0.55 0.45 0.186 0.93 0.07 0.008
ean Latenc

¥ No-Go 0.93 0.07 0.017 0.74 0.26 0.079 0.57 0.43 0.087

Go 0.76 0.24 0.060 0.92 0.08 0.043 0.95 0.05 0.001

Area under component
No-Go | -4.26 5.26 0.838 0.91 0.09 0.003 0.96 0.04 <0.0005

Go 0.86 0.14 0.015 0.92 0.08 0.054 0.77 0.23 0.055

Amplitude of peak
No-Go | 0.17 | 0.83 0378 | 0.84 | 0.16 0.013 | 093 | 007 | <0.0005

Go 0.89 0.11 0.001 0.92 0.08 <0.0005 0.82 0.18 0.011

Mean amplitude
No-Go | 089 | o011 0001 | 093 | 007 | <0.0005 [ 0.91 | 0.09 0.001

Go 0.98 0.02 <0.0005 | 0.93 0.07 0.087 0.99 0.01 <0.0005

Latency of peak

Pz

No-Go 0.92 0.08 0.106 0.48 0.52 0.369 0.87 0.13 0.003
Go 0.92 0.08 0.016 0.93 0.07 0.055 0.94 0.06 0.004

Mean Latenc
¥ No-Go | 0.79 0.21 0.098 | 079 | 0.21 0.192 0.90 0.10 0.001

Go 0.86 0.14 0.017 0.91 0.09 0.043 0.79 0.21 0.042

Area under component

No-Go 0.19 0.81 0.268 0.91 0.09 0.056 0.91 0.09 0.001
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Discussion

SART may be a better choice of paradigm than MMN for longitudinal research
We believe that this analysis is the first report on the reliability of ERP measurements

obtained during the EEG-compatible sustained attention to response task (SART).

We demonstrated that the P2, N2, and P3 ERPs produced during this task are highly
reliable over short-term repeat testing in healthy young adults with no cognitive,
neurological, or psychological conditions. This indicates that these measures should not
inherently vary with repeat testing. Therefore, we can measure these features
longitudinally and interpret alterations as being the result of neurological or cognitive

changes.

Limited reliability was observed for MMN features obtained during a passive auditory
oddball task, apart from excellent reliability of the amplitude at Cz. One explanation for
the difference in reliabilities of our methods is that our auditory oddball task is passive,
requiring no input from the participant. In contrast, the SART requires active and specific
engagement from the participant. Therefore, the SART may force a more similar pattern
of cognitive (and therefore neural) activity among participants compared to the passive
MMN. This could result in lower variability in neural activity during the SART than during
the passive oddball task. Similarly, some studies of MMN reliability have used a two-
frequency oddball task that requires a participant to respond to the infrequent tone,

which may explain why the MMN was found to be reliable in these studies.

It is also of note that the only reliable MMN measure was seen at Cz. In a cap-based set
up like the one used in this study, the Cz electrode is the only electrode that is placed
according to direct measurements. Other electrodes are semi-fixed in relation to Cz due
to being anchored to the fabric of the cap. Therefore, while Cz is in the same anatomical
position on each participant, the other electrodes may vary slightly from their intended
10-20 position due to variations in participant head size or shape. This suggests that the
same paradigm may produce more reliable MMN features if conducted with an EEG
system where each electrode is placed individually. However, these types of EEG systems
are uncommon in cognitive research applications, so the choice of experimental paradigm

should reflect the equipment that is available for a given study.

63



CHAPTER S

Home-based EEG monitoring

The recent COVID-19 pandemic highlighted the utility of in-home options for medical
treatment and research. One method that shows promise for use in longitudinal cognitive
monitoring or research is mobile EEG that can be administered by a research participant
or family member independently from the research team. Such EEG systems often include
few electrodes (1-32), are wireless, and may be used to collect resting or task-based data.
The technology, recording environments, and self-administration of these systems likely
produce data of lower signal quality than data collected in a standard research EEG
laboratory. However, previous research has shown that data aggregation and signal
processing techniques can produce signal quality rivalling conventional EEG using these

mobile systems (Barbey et al. 2022).

Another approach to improving the usability of these systems for research would be the

selection of outcome measures that are highly robust and reproducible. Task-based data
in at-home monitoring is frequently collected using variations of the oddball task to elicit
a P300 or MMN, as these tasks are easy to administer and commonly reported in

cognitive EEG literature.

Our results suggest that the SART could produce more reliable longitudinal ERP results
than the oddball tasks typically used with these technologies. A longitudinal study
comparing cognitive tracking using SART and cognitive tracking using standard oddball-

based measures is warranted.

Future Directions

Longitudinal analysis

These results support the use of the EEG-compatible SART (McMackin et al. 2020) in a
future longitudinal study of cognition in MS. The excellent reliability of the majority of the
SART ERP markers assessed here indicates that any longitudinal changes in these
variables should reflect changes in participants’ neural function, rather than random
variability. The study should select measures of interest showing high test-retest ICC
values as the outcome variables in that study. For example, amplitude-weighted latency
could be selected because it showed consistent reliability across channels and
components in contrast to the latency of the peak, whose reliability varied across

channels and components.

64



TEST-RETEST
However, longitudinal studies based on these reliability findings should also account for
the fact that the present results were obtained from a small sample of neurologically
healthy younger adults and thus, no claim can be made regarding the test-retest
reliability of these measures in people with multiple sclerosis. Due to the heterogeneity
and variability of the disease, it is possible that people with MS would show more
variation in these measures between individuals or within individuals over time than
controls do. However, the presence of high retest reliability in healthy individuals
provides sufficient justification for the initial selection of measures for longitudinal
studies, and this selection can be further refined following reliability analysis in MS.
Therefore, future longitudinal studies using these ERPs should measure and report inter-

and intra-individual variation and retest reliability in people with MS.

Evaluate MMN reliability with an increased sample size

These results were collected using a relatively small sample size of ten participants. It is
therefore possible that this study was underpowered to detect the reliability of MMN
measures. However, repeating this analysis with a larger sample size should be
undertaken with caution. The reliability of the MMN appears lower than the reliability of
the SART-derived measures described here, so SART-derived measures may be a better
choice for many applications. If the MMN is required for a particular research question,
increasing the sample size may reveal significant reliability, but will not increase the

underlying reliability of these measures.

Conclusions

ERP features along the central midline elicited by the EEG-compatible SART are highly
reliable with repeat testing. Amplitude of the MMN at Cz also displays excellent reliability,
but other measurements may not be as suitable for longitudinal applications. SART and
auditory oddball ERP measurements with very high test-retest reliability are good choices

for outcome variables for longitudinal study designs.
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Results: SART ERPs in MS

ERP responses to the sustained attention to response task are altered in MS

Chapter summary

This chapter aims to characterize behavioral performance and ERP responses during the
sustained attention to response task (SART) in multiple sclerosis (MS). EEG was recorded
from 81 participants with MS and 54 controls during a SART paradigm. P2, N2, and P3
ERPs were extracted from “Go” and “No-Go” trials and compared between groups.
Reaction time and errors of commission, omission, and anticipation were compared
between groups and with ERP measures and clinical features. Participants with RRMS
made more total, omission, commission, and anticipation errors than HC on the SART.
Participants with MS showed diminished amplitudes of the P2 and P3 and increased
latencies of the P2, N2, and P3, though these alterations were not seen in all subgroups.
These ERP impairments correlated with reaction time but not accuracy or

neuropsychological screening scores.

Introduction

Cognitive impairment is a frequently reported and distressing symptom of multiple
sclerosis (MS) often affecting processing speed, memory, attention, and executive
function (Benedict et al. 2020; De Meo et al. 2021). These cognitive changes affect quality
of life, employment, and caregiver burden, but may respond to cognitive rehabilitation
(Figved et al. 2007; Hdmaldinen and Rosti-Otajarvi 2016; Lancia et al. 2024; Macaron et al.
2020).

Electroencephalography (EEG) is a safe, cost-effective method of measuring direct
neuronal activity which could address the need for repeatable, objective, pre-clinical
measures of cognitive function. ERP indicators of cognitive dysfunction have been
reported in MS, with decreased amplitude and increased latency of the P3 being the most

frequently reported finding (Ferreira et al. 2024).

One paradigm that may be used to elicit the P3 is the Sustained Attention to Response
Task (SART). This response inhibition task was developed to study “action slips” due to

attentional lapses that are common after traumatic brain injury due to damage to frontal
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regions and white matter (Robertson et al. 1997). Similar damage can be seen in multiple
sclerosis, indicating that the test may be well-placed to detect attentional lapses in this
condition. The SART has been used in multiple sclerosis research to increase cognitive
load during a walking task (Yap et al. 2021) and to show the cognitive benefit of
intrathecal compared to oral baclofen (Farrell et al. 2021), but the performance of people
with multiple sclerosis on this potentially highly relevant task has not yet been
characterized in comparison to controls. Furthermore, the neural signals underpinning

performance on this task have not been investigated in multiple sclerosis.

ERPs elicited by the serial and random versions of the SART have been identified in
healthy controls and in other neurodegenerative conditions like motor neuron disease
(McMackin et al. 2020; Roche et al. 2005; Zordan et al. 2008). These studies generally
describe increased amplitudes of the N2 and P3 ERPs over frontocentral or parietocentral
regions during response inhibition. The P2 was also included in the present study as an
earlier sensory component previously shown to be altered during a visual oddball task in

MS (Whelan, Lonergan, Kiiski, Nolan, Kinsella, Bramham, et al. 2010).

This study aims to characterize the performance of people with multiple sclerosis on the
sustained attention to response task (SART) and to validate the ERP correlates of this test
in a population of people with multiple sclerosis. We also aim to correlate SART
performance and ERP measures with other clinically and demographically relevant

features.

Methods

Ethical approval

This study was conducted in accordance with the Declaration of Helsinki, with ethical
approval from the Beaumont Hospital Ethics (Medical Research) Committee (REC
reference: 18/63), the St. Vincent’s University Hospital Research Ethics Committee (REC
reference: R519-054), and the St. James’s Hospital/Tallaght University Hospital Joint
Research Ethics Committee (REC reference: 2017-02 Chairman’s Action 18). Informed,

voluntary consent was obtained from all study participants.
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Participants

Recruitment

Participants with multiple sclerosis (n=81) were recruited from Beaumont Hospital, St.
Vincent’s University Hospital, and St. James’s Hospital, Dublin, Ireland during routine
neurology and specialist multiple sclerosis clinics. Participants with MS were also
recruited through online advertisements distributed by MS Society Ireland. Neurologically
healthy controls (n=54) were recruited through existing control banks in the Academic

Unit of Neurology and advertisements on websites and social media.

Inclusion and exclusion

Adults with diagnosed RRMS, SPMS, or PPMS and no DMT changes or relapses within the
prior 3 months were eligible for recruitment to the study. Control participants with no
neurological, psychological, or muscular conditions and not taking CNS-acting medications
were also recruited. Exclusion criteria for both participants with MS and controls included
active psychiatric disease, history of seizures, head trauma causing a diagnosed
concussion or loss of consciousness, metallic implants in the head, and pregnancy or

breastfeeding.

Participant demographics
Characteristics of the participant samples are presented in Table 5. The subtype of MS
was unknown for one participant. This participant was therefore excluded from group-

level analyses but was included for correlation analysis.
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Table 5. Demographics of the sample

Patients Controls
n 81 54
mean age (years) [SD] 48.8 [12.3] 60.2 [12.8]
age range (years) 27-82 21-72
Gender (f/m) 61/20 29/25
Handedness (R/L/A) 72/7/2 39/2/2
MS subtype (RRMS/SPMS/PPMS/unknown) 63/9/8/1 n/a
DMD status [no DMD/taking DMD] 23/58 n/a
Mean disease duration (years) [min-max] 14.7 [0-68] n/a
Mean MSNQ score [n anormal] 27.4 [43] n/a
Mean HADS- A [n abnormal] 6.9 [33] n/a
Mean HADS-D [n abnormal] 4.7 [16] n/a

Data acquisition

EEG recording

128 active electrodes were applied to an EEG cap (EASYCAP GmbH) selected to fit the
participant’s head by trained experimenters. EEG signals were recorded at 512Hz on a
BioSemi ActiveTwo system in an electrically shielded room. Stimulus presentation and
participant response events were saved in the continuous EEG data to facilitate accurate

epoching.

Experimental paradigm: SART

Participants completed an EEG-compatible SART paradigm as reported by McMackin, et
al. (2020). The test was administered using Presentation® software (Neurobehavioral
Systemes, Inc., Berkeley, CA, www.neurobs.com). Briefly, participants were seated
approximately 1m in front of a standard computer screen in a darkened room and
presented with a random series of single digits in light grey on a black background.
Participants were instructed to click a standard computer mouse in response to an
infrequent target digit (“3”) and to withhold responses to all other digits, giving equal
priority to speed and accuracy. Participants completed an unrecorded practice block (45
trials) with feedback from the experimenter followed by four blocks of 252 trials each

with no experimenter in the recording booth.
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Neuropsychological testing

Participants with MS completed the Multiple Sclerosis Neuropsychological Questionnaire
(MSNQ) (Benedict et al. 2003) and Hospital Anxiety and Depression Screening (HADS)
(Zigmond and Snaith 1983).

Data analysis

Task performance

Reaction time, “Go” trial accuracy (percentage of non-3 digit presentations followed by a
mouse click), “No-Go” accuracy (percentage of 3 digit presentations not followed by a
mouse click) overall accuracy (percentage of “Go” and “No-Go” trials responded to
correctly with either a mouse click or a response inhibition, respectively) and anticipation
(percentage of correct “Go” trials with a response less than 150ms after stimulus
presentation) were calculated for each participant. One control participant’s response
data was not saved during the experiment, so this participant was excluded from this part
of the analysis. One-way ANOVAs were used to compare inverse normal transformed
group means for these variables among controls and participants with RRMS, SPMS, and
PPMS. Fisher’s least significant difference (LSD) test was applied post-hoc to localize
differences in means, and a 5% adaptive false discovery rate correction was applied to

account for multiple comparisons.

EEG signal preprocessing

Data were cleaned and filtered according to methods in Chapter 4. The continuous EEG
signal was epoched from 200 pre-stimulus to 900ms post-stimulus, and trials with
responses less than 150ms after stimulus presentation were eliminated (anticipation
errors). The remaining trials were averaged using a 10% trimmed mean to create ERP

responses for each participant at each channel.

ERP analysis

Signals were baseline-subtracted and referenced to the common average. The P2, N2,
and P3 ERP components were extracted from 100-300ms, 150-350ms and 350-550ms
post-stimulus, respectively, and the maximum amplitude, mean amplitude, latency,
amplitude-weighted latency, and area under the ERP component were calculated and
subjected to an inverse normal transformation to approximate normality. A five-factor

ANCOVA was conducted for each waveform feature to understand the impact of group
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(RRMS, SPMS, PPMS, and HC), gender, channel location (Fz, FCz, Cz, Pz), and trial type
(“Go”, “NoGo”) while controlling for age. The ANOVA was corrected within ERPs for

multiple comparisons using a 5% adaptive FDR.

Significant effects in group, gender, channel, and trial were then localized with Fisher’s
least significant difference (LSD) test and a 5% adaptive false discovery rate (FDR)
correction was applied to account for multiple comparisons. Effects of age were localized
post-hoc using Spearman’s rank correlation across all participants and corrected using a

5% adaptive FDR (AFDR). Significant results are presented with uncorrected p-values.

Correlations with neuropsychological screening

Spearman’s rank correlation coefficients were calculated for each pairing of the
waveform features (P2, N2, and P3 amplitude, mean amplitude, latency, amplitude-
weighted latency, and area under the ERP component for Go and NoGo trials at Fz, FCz,
Cz, and Pz) with clinical cognitive and psychological screening scores (MSNQ score, HADS-
A score, HADS-D score) in participants with MS. P-values were corrected within screening

scores and ERPs using a 5% AFDR.

Correlations with task performance

Spearman’s rank correlation tests were conducted between SART performance metrics
(go accuracy, no-go accuracy, total accuracy, anticipation, reaction time) and waveform
features, and p-values were corrected within performance metrics and ERPs using a 5%
AFDR. A separate Spearman’s rank correlation analysis was conducted between SART
performance metrics and age (MS and HC) and neuropsychological screening tools (MS

only). P-values were corrected within performance metrics using a 5% AFDR.

Results

Overall waveform responses from healthy controls and participants with MS to “Go” and

“No-Go” trials are shown in Figure 3. Compared to “Go” trials, “No-Go” trials produced

71



CHAPTER 6

faster P2 responses, slower and larger N2 responses, and larger P3 responses (Table 6).

Averaged ERP Responses to the SART
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Figure 3. SART ERP responses. Averaged EEG potentials in response to the SART in participants with MS and healthy
controls. Responses from participants with MS are shown in blue, and responses from healthy controls are shown in red.
The solid line corresponds to the mean of the SART ERP across participants and the shaded region indicates the 95%
confidence interval of this mean. Plots were generated based on plotting steps initially drafted by Etain O’Meara.

Table 6. Summary of differences between SART Go and No-Go trials across ERPs. Compared to Go trials, No-Go trials
produced faster P2 responses, slower and larger N2 responses, and larger P3 responses.

Size Measures Latency Measures
P2 Standard: No-Go < Go (p = 0.021)
N2 Peak: No-Go > Go (p < 0.0005) Standard: No-Go > Go (p = 0.004)
Area: No-Go > Go (p < 0.004) Amplitude-weighted: No-Go > Go (p = 0.021)

Peak: No-Go > Go (p < 0.0005)
P3 | Area: No-Go > Go (p < 0.0005)
Mean: No-Go > Go (p < 0.0005)
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Task performance
ANOVA identified differences among participant groups in “Go” trial accuracy (Fs, 126=
8.33, p <0.0005), “No Go” trial accuracy (Fs3, 126= 5.57, p=0.001), total accuracy (F3, 126=
6.92, p < 0.0005), anticipation (Fs3, 126= 8.57, p < 0.0005), and reaction time (Fs, 126= 6.27,
p=0.001), which were driven by differences in participants with RRMS (Figure 4). No
differences were identified between participants with SPMS or PPMS and controls.
Participants with RRMS showed lower overall accuracy (p < 0.0005) on the task (with
increased errors of both commission (p < 0.0005) and omission (p < 0.0005) and more
anticipation errors (p < 0.0005) compared to controls. Participants with RRMS also had
faster reaction times than participants with SPMS (p = 0.007), PPMS (p = 0.002), and
healthy controls (p = 0.002), which may correspond to the higher level of anticipation

made by this group.

Increasing age was associated with slower reaction times in both participants with MS (p=
0.41, p < 0.0005) and controls (p = 0.39, p = 0.004) (Table 7). Increased age was also
associated with increased “No-Go” accuracy (fewer errors of commission) in participants

with MS (p = 0.32, p = 0.004).

Additionally, aspects of SART performance were associated with scores on cognitive, anxiety, and depression screening
tools (

Table 8). Increased accuracy on SART “Go” trials is correlated with lower self-reported
cognitive impairment as measured by the MSNQ (p = - 0.38, p = 0.001). Higher self-
reported anxiety (HADS-A) is associated with faster reaction times (p =-0.24, p = 0.03),
and higher self-reported depression (HADS-D) is associated with slower reaction times (p

=0.41, p < 0.0005).
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SART Behavioral Performance
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Figure 4. Behavioral performance on the SART. Participants with RRMS showed impaired SART performance compared

to controls, with more total errors (p < 0.0005), errors of omission (p < 0.0005), errors of commission (p < 0.0005), and

errors of anticipation (p < 0.0005). Participants with RRMS showed faster reaction times compared to participants with
SPMS (p = 0.007), PPMS (p = 0.002), and controls (p = 0.002).

Table 7. Associations between SART performance and age. Increased age is associated with increased “No-Go”

accuracy in participants with MS and increased reaction time in people with MS and controls. Significant p-values are

shown in bold.

MS age HC age
rho p rho p
"Go" accuracy 0.10 0.376 -0.18 0.196
"No-Go" accuracy 0.32 0.004 0.11 0.420
total accuracy 0.26 0.018 0.09 0.512
anticipation -0.26 0.017 -0.19 0.187
reaction time 0.41 p<0.0005 0.39 0.004
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Table 8. Associations between SART performance and screening scores. SART “Go” accuracy is negatively associated
with self-reported cognitive impairment. Reaction time is negatively associated with self-reported anxiety and positively
associated with self-reported depression. Significant p-values are shown in bold.

MSNQ HADS-A HADS-D
rho p rho p rho p
"Go" accuracy -0.38 0.001 -0.12 0.298 -0.22 0.054
"No-Go" accuracy -0.03 0.822 -0.12 0.288 -0.13 0.245
total accuracy -0.12 0.287 -0.11 0.343 -0.19 0.095
anticipation 0.11 0.346 0.23 0.043 0.24 0.032
reaction time 0.15 0.194 -0.24 0.030 0.41 p<0.0005

P2 responses

P2 size is diminished in MS and males

The area under the P2 was smaller in participants with RRMS (p < 0.025), SPMS (p <
0.0005), and PPMS (p = 0.042) than in controls. The area of the P2 did not differ among
participants with different subtypes of MS. Participants with SPMS also showed reduced
P2 peak amplitudes compared to participants with RRMS (p = 0.016) and controls (p <

0.0005). Males showed lower mean amplitudes (p < 0.0005) compared to females.

P2 areas and means were largest at electrode Pz compared to responses at Fz (p = 0.001,

p < 0.0005), FCz (p = 0.003, p < 0.0005), and Cz (p < 0.0005, p < 0.0005).

P2 latency varies among MS subgroups

Participants with SPMS had slower conventional latency P2 responses than participants
with RRMS (p = 0.010) or PPMS (p = 0.009), and responses in people with RRMS or PPMS
were faster than in controls (p = 0.040, p = 0.037). Participants with SPMS and healthy

controls did not differ in P2 latency.

The amplitude-weighted latency of the P2 was slower in males compared to females (p <

0.0005) and at Pz compared to Fz (p < 0.0005), FCz (p < 0.0005), and Cz (p < 0.0005).

Older age is associated with larger, slower frontal P2 responses
Age post-hoc results for all ERPs are shown in Table 11. Increased age was weakly
correlated with higher mean amplitudes at Fz in participants with MS during “Go” trials (p

=0.31, p =0.004) and in controls during “Go” (p = 0.38, p = 0.005) and “No-Go” trials (p =
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0.42, p =0.002). In contrast, older age was weakly correlated with lower mean amplitudes
(p=-0.36, p =0.001) and P2 areas (p =-0.33, p = 0.007) at Pz in “Go” trials in participants
with MS.

Older age was also weakly-to-moderately associated with slower standard latencies in
“Go” trials at Fz and FCz in participants with MS (Fz: p =0.33, p =0.004; FCz: p=0.42,p <
0.0005) and controls (Fz: p = 0.59, p < 0.0005; FCz: p = 0.48, p = 0.001). Similarly, the
amplitude-weighted latency at Fz (p = 0.31, p = 0.006) and FCz (p = 0.36, p = 0.002) during
“Go” trials showed a weak positive association with age in participants with MS. Control
participants showed weak-to-moderate associations between older age and slower
weighted-latencies at Fz in both “Go” (p = 0.41, p = 0.004) and “No-Go” (p=0.36, p =
0.009) trials.

N2 responses

N2 peaks are faster in RRMS and SPMS, younger participants, males, and posteriorly
Faster N2 responses were observed in RRMS and SPMS. Standard latency was decreased
compared to controls in participants with RRMS (p = 0.008) and SPMS (p = 0.007).
Likewise, amplitude weighted latencies were also smaller in participants with RRMS (p =
0.010) and SPMS (p = 0.043) compared to controls. Participants with SPMS and RRMS did
not differ from each other in standard or amplitude-weighted latency, and participants

with PPMS did not differ from other participants with MS or healthy controls.

Decreased amplitude weighted latency was associated with younger age in some
electrodes and trial types. In participants with MS, lower age was weakly associated with
faster “Go” N2 responses at Cz (p =0.27, p = 0.037) and “No-Go” responses at Pz (p =
0.37, p =0.003). Lower age was also weakly-to-moderately associated with faster N2 “Go”
responses in healthy controls at Fz (p = 0.46, p = 0.001) and FCz (p = 0.40, p = 0.007) and
“No-Go” responses at FCz (p = 0.38, p = 0.010), and Cz (p = 0.40, p = 0.010).

Males showed faster standard (p = 0.011) and amplitude-weighted latency (p = 0.012)

responses than did females.

N2 responses were fastest posteriorly. Amplitude-weighted latencies were shortest at Pz
compared to Cz (p = 0.041), FCz (p < 0.0005), and Fz (p < 0.0005). Amplitude-weighted
latencies were also faster at Cz than at FCz (p = 0.001) and Fz (p = 0.002). Standard

latencies were faster at Pz and Cz than at FCz (p < 0.0005; p = 0.002) and Fz (p =0.001; p =
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0.010). No differences in standard latency were found between Cz and Pz or between Fz

and FCz.

N2 responses are larger fronto-centrally, in males, and in older participants
The peak amplitude and area under the N2 were larger at Fz, FCz, and Cz than at Pz (p <
0.0005 for all). The size of the N2 did not differ among electrodes Fz, FCz, and Cz. Males

showed larger N2 areas (p = 0.011) compared to females.

Older age was also associated with larger frontal N2 (Table 11). Older age was correlated
with larger magnitude N2 peak amplitudes at Fz in “Go” trials and at Fz and FCz in “No-
Go” trials in participants with MS and controls (p = 0.33 - 0.48, p < 0.026; individual
results in Table 11). Similarly, older age was associated with larger magnitude N2 mean
amplitudes at Fz in “Go” and “No-Go” trials in participants with MS and controls and at
FCz in “Go” trials in participants with MS (p = 0.26 - 0.41, p < 0.017; individual results in
Table 11). Likewise, younger age was correlated with smaller areas under the N2 at Fz
during “Go” and “No-Go” trials in both groups, and at FCz during “No-Go” trials in

participants with MS (p =0.32 - 0.54, p < 0.031; individual results in Table 11).

Mean amplitude reveals possible weaknesses of the peak selection method
Estimates of the marginal means for N2 mean amplitude were positive, indicating that
this measure may have been affected by other (positive) ERP peaks within the selection

window in addition to the N2.

Unlike the decreased N2 peak and area seen at Pz, the mean amplitude of the N2 was
larger at Pz than at Fz, FCz, or Cz (all p < 0.0005). Mean amplitudes were also larger in
female than in male participants (p < 0.0005). Additionally, the positive relationship
between age and N2 size described above was not seen at Pz. Conversely, older age was
associated with decreased N2 mean amplitudes at Pz across trial types and groups (p = -

0.43 to - 0.29, p < 0.033; individual results in Table 11).

P3 responses

P3 is diminished in SPMS, enhanced in PPMS, and slowed in SPMS and PPMS

The mean amplitude across the 350-550ms time window was lower in participants with
SPMS than in participants with RRMS (p < 0.0005) or controls (p < 0.0005). In contrast, P3
amplitude and area were increased in participants with PPMS compared to participants

with RRMS (p < 0.0005, p = 0.001) and controls (p = 0.002, p = 0.002).
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The latency of the P3 was also altered in SPMS and PPMS. Both participants with SPMS
and PPMS showed slower standard and amplitude-weighted latencies of the P3 peak
compared to controls and participants with RRMS (all p < 0.002, individual values in Table
9). P3 latencies did not differ between participants with SPMS and PPMS and were not

altered participants with RRMS.

Table 9. P3 latency group effect post-hoc p-values

P3 Latency
post-hoc p-values RRMS HC
PPMS 0.001 < 0.0005
standard SPMS 0.002 < 0.0005
amplitude- PPMS <0.0005 <0.0005
weighted SPMS 0.001 < 0.0005

Older age is associated with slower P3 responses

Age showed weak positive correlations with standard and amplitude-weighted latencies
across most electrodes, trials, and participant groups. At Fz, increased age in healthy
controls was associated with increased P3 standard and amplitude-weighted latency
during both “Go” (p =0.43, p =0.003; p = 0.34, p = 0.028) and “No-Go” trials (p = 0.51, p <
0.0005; p = 0.45, p = 0.001). Older age was associated with longer standard latencies at
FCz in participants with MS and controls during “Go” (p =0.30, p=0.016; p =0.45, p =
0.001) and “No-Go” trials (p = 0.32, p = 0.006; 0.44, p = 0.001). Older age was also
associated with longer amplitude-weighted latencies at FCz in participants with MS and
controls during “No-Go” trials (p = 0.29, p = 0.015; p = 0.43, p = 0.002) but only in controls
during “Go” trials (p = 0.42, p = 0.003). Age and both latency measures were positively
correlated at Cz during both trials in both participant groups (p = 0.33 - 0.53, p < 0.006;
individual results in Table 11). Increased Pz standard and amplitude-weighted latencies
were associated with increased age in “No-Go” trials only (p = 0.37 - 0.40, p < 0.009;

individual results in Table 11).

The P3 is fastest and smallest at Pz, but does not show a clear directional gradient in size
Faster standard and amplitude-weighted latencies were seen at Pz than at Fz, FCz, or Cz
(p < 0.0005 for all). The P3 recorded at Pz also showed lower peak amplitudes and areas
under the component than the P3 at Fz, FCz, or Cz. Peak amplitudes and areas were also

smaller at Fz than at FCz. These effects are summarized in Table 10. P3 mean amplitudes
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were lower at Fz than at Pz (0.041), Cz (p < 0.0005), and FCz (p < 0.0005). P3 mean

amplitudes were also lower at Pz than at Cz (p < 0.0005) or FCz (p = 0.002), which did not

differ from each other in mean amplitude.

Table 10. Summary of electrode differences in P3 peaks and areas. P3 responses showed increasing size from Pz to Fz,
to FCz and Cz, with no differences between FCz and Cz.

Fz FCz Cz
smaller at Pz than at Peak: p=0.001 | Peak: p < 0.0005 | Peak: p < 0.0005
] ™ | Area: p=0.002 | Area: p<0.0005 | Area: p < 0.0005
P3 sizes were

smaller at Fz than at...

Peak: p = 0.045
Area: p =0.037
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Table 11. Correlations between ERPs and age. P-values are shown to three decimal places unless they are below
0.0005, in which case they are listed as “0.0005”. P-values that are significant after adaptive FDR correction are shown

in bold.
PwMS Controls
Go NoGo Go NoGo
rho | p rho | p rho | p rho | p

Fz 0.22 0.054 0.11 0.333 0.14 0.349 0.18 0.219
. FCz 0.18 0.138 0.08 0.501 0.06 0.696 0.07 0.650

peak amplitude
Cz 0.08 0.529 0.15 0.230 -0.16 0.292 -0.17 0.278
Pz -0.20 0.105 -0.17 0.178 -0.33 0.033 -0.33 0.052
Fz 0.31 0.004 0.28 0.013 0.38 0.005 0.42 0.002
. FCz 0.19 0.086 0.24 0.033 0.26 0.062 0.32 0.021

mean amplitude
Cz -0.02 0.861 0.04 0.705 0.00 0.983 0.08 0.579
Pz -0.36 0.001 -0.23 0.038 -0.35 0.011 -0.33 0.017
Fz 0.21 0.064 0.16 0.181 0.20 0.162 0.28 0.044
. FCz 0.17 0.168 0.07 0.536 0.10 0.480 0.14 0.318

Pz area amplitude
Cz -0.01 0.956 0.12 0.342 -0.09 0.582 -0.10 0.504
Pz -0.33 0.007 -0.20 0.125 -0.39 0.012 -0.42 0.013
Fz 0.33 0.004 0.16 0.169 0.59 <0.0005 0.11 0.434
FCz 0.42 <0.0005 0.19 0.107 0.48 0.001 -0.03 0.860

standard latency
Cz 0.25 0.043 0.01 0.933 0.32 0.037 0.27 0.070
Pz -0.05 0.708 0.00 0.971 -0.08 0.631 -0.19 0.285
Fz 0.31 0.006 0.16 0.168 0.41 0.004 0.36 0.009
amplitude- FCz 0.36 0.002 0.15 0.188 0.27 0.063 0.15 0.311
weighted latency Cz 0.08 0.547 -0.05 0.663 0.04 0.783 0.24 0.120
Pz -0.03 0.785 -0.10 0.435 -0.16 0.330 -0.34 0.046
Fz 0.39 0.001 0.48 <0.0005 0.35 0.017 0.36 0.023
. FCz 0.16 0.185 0.38 0.001 0.25 0.095 0.33 0.026

peak amplitude
Cz -0.25 0.055 0.12 0.311 0.06 0.713 0.08 0.628
Pz -0.26 0.074 -0.05 0.726 0.06 0.738 -0.15 0.373
Fz 0.38 <0.0005 0.39 <0.0005 0.33 0.016 0.41 0.002
. FCz 0.26 0.017 0.21 0.063 0.20 0.147 0.20 0.157

mean amplitude
Cz 0.00 0.987 -0.10 0.377 -0.08 0.558 -0.10 0.462
NZ Pz -0.29 0.008 -0.32 0.003 -0.29 0.033 -0.43 0.001
Fz 0.33 0.005 0.54 <0.0005 0.32 0.031 0.35 0.029
area FCz 0.18 0.132 0.35 0.003 0.20 0.198 0.27 0.072
Cz -0.26 0.045 0.06 0.652 0.00 0.983 0.05 0.775
Pz -0.28 0.049 -0.17 0.200 0.09 0.620 -0.27 0.107
Fz 0.14 0.239 -0.14 0.287 0.46 0.001 0.09 0.592
amplitude- FCz -0.06 0.606 0.21 0.085 0.40 0.007 0.38 0.010
weighted latency Cz 0.27 0.037 0.15 0.234 0.27 0.097 0.39 0.010
Pz 0.15 0.298 0.37 0.003 0.09 0.632 0.13 0.450

Fz -0.05 0.742 0.08 0.527 0.45 0.003 0.51 <0.0005

FCz 0.30 0.016 0.32 0.006 0.45 0.001 0.44 0.001

standard latency
Cz 0.37 0.002 0.33 0.006 0.53 <0.0005 0.49 0.001
P3 Pz 0.20 0.088 0.39 <0.0005 0.07 0.618 0.40 0.005
Fz -0.10 0.466 0.00 0.982 0.34 0.028 0.45 0.001
amplitude- FCz 0.17 0.180 0.29 0.015 0.42 0.003 0.43 0.002

weighted latency Cz 0.39 0.001 0.41 0.001 0.45 0.002 0.50 <0.0005

Pz 0.18 0.139 0.37 0.001 -0.06 0.686 0.38 0.009

Correlations with clinical features

No relationship between ERPs and clinical screening tools

No correlations between P2, N2, or P3 ERP features and the MSNQ or HADS (A or D) were

significant after correction for multiple comparisons using adaptive FDR (Supplementary

Table 2, Supplementary Table 3, Supplementary Table 4).

Diminished P3 size is associated with increased accuracy in controls but not in MS

No P2 or N2 characteristics were associated with SART accuracy measures in people with

MS or healthy controls (Supplementary Table 5, Supplementary Table 6). No latency
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measures showed significant correlations with SART performance in controls or people
with MS. P3 peak amplitude, mean amplitude, and area were correlated with “No-Go”
trial accuracy and overall accuracy in controls, but not in people with MS (Table 12). No

ERP measures showed associations with “Go” accuracy or anticipation errors.

In controls, increased “No-Go” and total accuracy was associated with lower peak
amplitudes of the P3 during “No-Go” trials at Fz, FCz, and Cz (p =- 0.47 to - 0.38, p <
0.006, individual results in Table 12). Higher “No-Go” and total accuracy were also
correlated with lower mean amplitudes at FCz and Cz during “Go” trials and at Fz and FCz
during “No-Go” trials (p = - 0.42 to - 0.36, p < 0.008, individual results in Table 12).
Decreased P3 areas during “No-Go” trials at Fz and FCz were associated with increased
“No-Go” and overall accuracy (p = - 0.38 to - 0.34, p < 0.014, individual results in Table
12). Increased “No-Go” accuracy was also associated with decreased “No-Go” P3 area at

Cz(p=-0.36,p<0.014).

SART reaction time correlates with ERP characteristics

Correlations were found between SART reaction time and P2 and P3 ERP characteristics in
participants with MS and P2, N2, and P3 characteristics in controls Table 13. Slower
behavioral reaction times were generally associated with smaller and slower ERP

responses.

The P2 peak amplitude, mean amplitude, area, and amplitude-weighted latency during
“Go” trials at Pz were negatively associated with reaction time in controls (p = - 0.54 to -
0.40, p < 0.003, individual results in Table 13). In participants with MS, longer reaction
times were correlated with longer “Go” and “No-Go” trial standard latencies at Fz, “Go”

trial standard latencies at FCz, and “Go” trial amplitude-weighted latencies at Fz.

No associations between reaction time and N2 ERP characteristics were found in
participants with MS. In controls, longer reaction times were correlated with smaller and
slower N2 responses. The mean amplitude of the N2 at Pz during “Go” trials was
negatively correlated with reaction time p = - 0.44, p = 0.001. Reaction time was positively
associated with the amplitude-weighted latency of the N2 during “Go” trials at FCz (p =
0.47, p =0.001) and during “Go” and “No-Go” trials at Cz (p = 0.63, p < 0.0005; p = 0.49, p
=0.001).
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Reaction time was negatively associated with the peak amplitude of the P3 at Cz and Pz in
both groups and at FCz in controls only (p = - 0.50 to -0.23, p < 0.053, individual results in
Table 13). Reaction time also showed negative correlations with P3 mean amplitude at Cz
in both trials and groups and at FCz and Pz during “No-Go” trials in both groups and
during “Go” trials in controls only (p = - 0.52 to -0.26, p < 0.025, individual results in Table
13). Similarly, longer reaction times were associated with lower P3 areas at Cz in both
groups, at FCz in controls, at Pz during “No-Go” trials in both groups, and at Pz during

“Go” trials in controls (p = - 0.53 to - 0.24, p < 0.048, individual results in Table 13).

Standard and amplitude-weighted latencies at P3 showed an identical pattern of positive
correlations with reaction time. Longer reaction times were associated with longer
latencies at FCz and Cz, at Fz during “Go” trials in controls, and at Fz and Pz during “No-
Go” trials in both groups. (p =0.30 — 0.73, p < 0.025, individual results in Table 13). The
relationship between reaction time and P3 latency appears to be stronger in controls

(median p =0.67) than in participants with MS (median p = 0.39).

Table 12. Correlations between P3 ERP characteristics and SART accuracy in MS and controls. Spearman’s correlation
tests were conducted for each pairing of P3 waveform feature (peak and mean amplitude, standard and amplitude-
weighted latency, and area) for “Go” and “No-Go” trials at Fz, FCz, Cz, and Pz and SART accuracy measures (“Go”
accuracy, “No-Go” accuracy, total accuracy, and anticipation errors). Spearman’s rank coefficients are shown to two
decimal places and p-values that were significant after adaptive FDR correction are shown in bold.

"Go" accuracy "No-Go" accuracy total accuracy anticipation
MS Control MS Control MS Control MS Control
rho ] P rho | p rho I p rho I P rho | P rho I P rho I P rho [ P
Fz | 012 0406 -027 009 | 004 0776 016 0335 | 004 0792 -0.23 0.150 010 0483 002 0891
peak Fcz | 013 0289 001 0945 | 010 0425 023 0112 | 010 0426  -027 0.071 024 0052 010 0509
amplitude | cz | 004 0777 006 0694 | 003 0826 024 0109 | 004 0765  -025 0.094 018 0141 013 0391
Pz | 009 0446 002 0889 | 006 0621 019 0199 | -002 0864  -0.1 0.157 017 0149 016 0282
Fz 0.04 0.742 -0.16 0.253 0.05 0.628 -0.18 0.189 0.03 0.770 -0.22 0.121 -0.06 0.624 0.02 0.862
mean Fcz | 013 0260 006 068 | 006 0612 -037 0007 | 007 0557 -038 0.005 015 019 012 0401
i cz | 003 085 004 0761 | -008 0495 -036 0008 | 004 0700 -0.37 0.007 007 0551 014 0302
Pz 0.05 0.663 0.11 0.422 -0.06 0.591 -0.15 0.278 -0.01 0.937 -0.15 0.274 -0.11 0.332 0.19 0.181
Fz | -013 0333 019 0239 | 001 0949 011 0492 | -002 0877  -0.09 0.600 015 0284 021 0194
° standard Fcz | 003 0819 022 0129 | 015 0227 -004 0783 | 009 0483  -0.03 0.837 001 0960 015 0311
© latency cz | 011 03ss 011 048 | 014 0263 027 0076 | 006 0613 026 0.084 003 0809 -020 0182
pz | -010 0418 011 0439 | 007 0535 027 0058 | -008 0518 027 0.058 002 0884 031 0033
Fz -0.16 0.262 -0.09 0.602 -0.05 0.724 0.07 0.674 -0.07 0.622 0.07 0.671 0.18 0.203 -0.27 0.086
amplitude- ™0™ 6547 0373 026 0083 | 015 0227 012 0413 | 008 0543 011 0.479 014 0266 -0.13 0389
Jatency cz | 009 0486 012 0420 | 018 0134 027 0074 | 016 0204 027 0.071 008 0503 009 0536
pz | 015 0214 004 0785 | 013 0258 005 0756 | -0.014 _ 0.250 _ -0.04 0.785 004 0728 030 __ 0.034
Fz 015 0273 021 0203 | 009 0526 -012 0472 | 009 0536  -0.17 0.282 013 0337 011 0484
area Fcz | 011 0373 000 0985 | 010 0406 -021 0165 | 010 0426 -023 0.119 024 0055 008 0575
cz | 001 0956 004 0775 | -002 086 -026 0084 | 002 0892  -027 0.071 010 0406 012 0443
Pz | 001 0903 008 0565 | 007 0554 016 0285 | -005  0.680 _ -0.16 0.265 016 0183 017 0248
P3 Fz 020 0091 039 0004 | 015 0221 -044 0001 | 019 0115 -047  <0.0005 | -021 0078 023 0097
peak Fcz | 020 0100 -005 0721 | -003 0791 -038 0006 | 006 0601  -039 0.006 007 0549 016 0281
amplitude | cz | 016 0182 007 0635 | -008 0509 044 0003 | 003 0784 -042 0.004 002 087 013 0391
pz | 008 0519 035 0019 | 009 0439 005 0741 | -001 0898 008 0.594 0.06 0637 -0.09 0541
Fz 0.25 0.025 -0.41 0.002 0.16 0.159 -0.37 0.007 0.20 0.074 -0.41 0.003 -0.20 0.074 0.17 0.226
mean Fcz | 021 0065 -004 0758 | -001 0898 041 0002 | 007 0545  -042 0.002 008 0504 017 0222
amplitude | ¢z | 012 0278 016 0263 | -016 0153 027 0048 | -006 0602 -026 0.057 007 0510 014 0300
Pz | 010 0354 036 0009 | 009 0431 001 0932 | -001 0937 o002 0.890 002 0863 -0.13 0371
Fz 009 0445 034 0015 | 016 0177 020 0155 | 018 0128 018 0.213 002 0884 018 0192
8 standard Fcz | 019 0107 031 0027 | 019 0113 029 0038 | 003 0791 024 0.087 014 0244 021 0146
2 latency cz | 008 0503 028 0064 | 022 0076 013 038 | 010 0395 011 0.460 010 0420 013 0378
pz | -001 0946 -013 0401 | 011 0331 001 0968 | 007 0575 000 0.983 012 0316 -0.02 0890
Fz | 009 0483 039 0005 | 019 0114 015 0289 | 019 0113 011 0.440 018 0139 017 0235
amplitude- |70 509 0437 032 0025 | 027 0020 016 0255 | 014 0253 013 0.380 023 0050 -020  0.169
latency cz | 004 0751 025 0095 | 028 0020 020 o018 | 016 0188 018 0.229 018 0149  -0.14 0346
Pz | -004 0731 020 018 | 014 0211 003 0843 | 009 0421 003 0.841 014 0235 018 0240
Fz 023 0052 040 0003 | 020 00% -034 0014 | 025 0039 -038 0.005 027 0021 017 0240
area Fcz | 026 0029 007 0649 | 007 0542 037 0009 | 017 0156  -038 0.006 014 0230 015 0285
cz | 024 0045 012 0431 | 005 069%6 -036 0014 | 008 0491  -035 0.019 006 0642 012 0414
Pz | 007 0550 035 0017 | 010 0392 002 0920 | -003 0787 005 0.762 003 0803 -0.17 0271
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Table 13. Associations between SART reaction time and ERP features at P2, N2, and P3. Spearman’s rank correlation
coefficients and p-values for the relationship between reaction time on the SART and peak amplitude, mean amplitude,
standard latency, amplitude-weighted latency, and area of the P2, N2, and P3 at Fz, FCz, Cz, and Pz for “Go” and “No-
Go” trials. Significant p-values after adaptive FDR correction are shown in bold.

P2 N2 P3
MS Control MS Control MS Control
rho p rho p rho p rho p rho [ p rho [ p

. Go -0.08 0.503 -0.22 0.129 0.22 0.068 0.15 0.318 -0.06 0.672 -0.12 0.466

o No-Go -0.10 0.397 -0.08 0.604 0.26 0.045 0.13 0.415 0.13 0.287 -0.11 0.425

E ECz Go -0.04 0.765 -0.23 0.121 0.16 0.189 0.04 0.803 -0.05 0.702 -0.41 0.004
o No-Go -0.05 0.674 -0.14 0.354 0.17 0.149 0.28 0.058 -0.19 0.118 -0.49 <0.0005

E G Go -0.10 0.450 -0.27 0.071 -0.01 0.925 -0.24 0.134 -0.26 0.035 -0.49 0.001
] No-Go 0.07 0.580 -0.16 0.301 0.19 0.125 0.11 0.492 -0.31 0.009 -0.50 <0.0005

= Pz Go -0.15 0.229 -0.54  <0.0005 -0.31 0.029 0.14 0.445 -0.23 0.053 -0.38 0.007

No-Go -0.17 0.186 -0.32 0.062 0.10 0.429 -0.09 0.617 -0.33 0.004 -0.35 0.017

£z Go 0.13 0.239 0.08 0.580 0.15 0.178 0.05 0.719 0.02 0.881 -0.07 0.601

M No-Go 0.09 0.446 0.07 0.620 0.09 0.447 0.02 0.901 0.06 0.585 -0.07 0.631

E ECz Go -0.01 0.902 -0.05 0.703 -0.03 0.822 -0.17 0.226 -0.10 0.389 -0.43 0.001
g- No-Go 0.08 0.472 0.11 0.437 -0.08 0.501 -0.08 0.566 -0.26 0.018 -0.48 <0.0005
: G Go -0.23 0.042 -0.21 0.126 -0.29 0.010 -0.34 0.013 -0.28 0.012 -0.51 <0.0005
] No-Go 0.05 0.683 0.03 0.818 -0.18 0.116 -0.17 0.213 -0.44 <0.0005 -0.52 <0.0005

E Pz Go -0.27 0.017 -0.40 0.003 -0.28 0.013 -0.44 0.001 -0.19 0.084 -0.31 0.025

No-Go -0.16 0.163 -0.19 0.171 -0.25 0.025 -0.35 0.011 -0.31 0.005 -0.33 0.014

Fz Go 0.46 <0.0005 0.29 0.044 -0.01 0.939 0.05 0.762 -0.10 0.490 0.35 0.025
z No-Go 0.33 0.004 -0.20 0.164 -0.02 0.884 0.16 0.316 0.31 0.009 0.65 <0.0005

§ FCz Go 0.44 <0.0005 0.20 0.188 0.04 0.721 0.18 0.229 0.37 0.002 0.48 0.001
;’:’ No-Go 0.31 0.008 -0.22 0.128 0.09 0.441 0.26 0.079 0.54 <0.0005 0.70 <0.0005
é G Go 0.28 0.027 0.08 0.616 0.31 0.016 0.35 0.031 0.42 <0.0005 0.73 <0.0005
s No-Go 0.20 0.103 0.02 0.893 0.18 0.146 0.41 0.006 0.45 <0.0005 0.59 <0.0005

@ . Go -0.16 0.197 -0.34 0.026 0.01 0.970 0.33 0.062 0.10 0.387 0.05 0.754

No-Go -0.04 0.768 -0.15 0.374 0.12 0.381 0.14 0.405 0.30 0.009 0.40 0.006

Ez Go 0.34 0.002 0.02 0.896 0.13 0.292 0.29 0.052 -0.05 0.728 0.49 0.001
> No-Go 0.24 0.037 -0.02 0.883 0.02 0.897 0.13 0.448 0.32 0.007 0.68 <0.0005
§ FCz Go 0.28 0.019 -0.09 0.546 0.18 0.149 0.47 0.001 0.33 0.007 0.72 <0.0005
i No-Go 0.24 0.036 -0.17 0.249 0.19 0.107 0.37 0.012 0.59 <0.0005 0.69 <0.0005
g G Go -0.12 0.340 -0.23 0.137 0.36 0.005 0.63 <0.0005 0.41 0.001 0.73 <0.0005
.%" No-Go 0.11 0.377 0.03 0.848 0.22 0.071 0.49 0.001 0.63 <0.0005 0.69 <0.0005

H . Go -0.16 0.186 -0.47 0.002 0.15 0.315 0.41 0.018 -0.03 0.813 -0.09 0.538

No-Go -0.05 0.711 -0.20 0.239 0.20 0.135 0.30 0.076 0.33 0.004 0.37 0.011

£ Go -0.02 0.848 -0.24 0.096 0.15 0.214 0.13 0.386 -0.01 0.957 -0.12 0.470

No-Go -0.06 0.582 -0.14 0.332 0.28 0.032 0.08 0.610 0.15 0.213 -0.02 0.891

FCz Go -0.06 0.623 -0.25 0.088 0.10 0.418 -0.03 0.853 -0.04 0.767 -0.32 0.031

s No-Go -0.06 0.605 -0.16 0.287 0.09 0.475 0.20 0.190 -0.11 0.375 -0.42 0.002

s C Go -0.19 0.139 -0.27 0.072 -0.12 0.372 -0.33 0.038 -0.24 0.048 -0.43 0.003
No-Go 0.07 0.587 -0.17 0.273 0.03 0.781 -0.02 0.897 -0.33 0.007 -0.53 <0.0005

Pz Go -0.19 0.124 -0.54  <0.0005 -0.35 0.013 -0.03 0.881 -0.19 0.119 -0.36 0.012

No-Go -0.17 0.176 -0.34 0.049 0.04 0.741 -0.19 0.257 -0.32 0.005 -0.34 0.021

Discussion

SART performance is impaired in RRMS

Participants with RRMS made increased errors of omission, commission, and anticipation
on the SART, reflecting an impairment in sustained attention and response inhibition in
this group. O’Connell et al. (2009) propose that, in comparison to the sequential SART
paradigm, the random SART paradigm used here may be more reflective of response
inhibition processes than sustained attention processes (O’Connell et al. 2009). Response
inhibition, which is a component of executive function, has previously been reported to

be impaired in MS using other paradigms (Clough et al. 2015; McCarthy et al. 2005;
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Simani et al. 2023). However, other studies do not find impairments in response
inhibition, suggesting that these results may vary by factors like MS type, disease

duration, or even task choice (Elosua and Villadangos 2023; Santiago et al. 2007).

Unexpectedly, no impairment on SART performance scores was observed in SPMS or
PPMS groups. This may be a lack of power due to the relatively small sample size (n=9;
n=8) in these groups or could reflect the development of some compensatory change that

is not present in RRMS.

Similarly, no group showed impairments in reaction time, despite the motor impairment
associated with multiple sclerosis. In contrast, participants with RRMS showed a faster
reaction time relative to controls. However, this effect is likely to relate to the more
prevalent errors of anticipation made by this group, rather than a true advantage in

motor or processing function relative to controls.

Therefore, SART reaction time appears to be insensitive to MS-related motor impairment
and is therefore a good choice for longitudinal use in clinical trials to assess changes in

cognition independently of changes in motor function.

SART-related potentials are altered in MS

We observed the previously reported increase in N2 and P3 amplitudes during SART “No-
Go” trials in both controls and PwMS (McMackin et al. 2020; Zordan et al. 2008). Future
work should explore interactions between this effect and participant group to assess

whether the size of this increase varies among groups.

In this study, we investigated two measures of latency and three measures of size of the
P2, N2, and P3 ERPs and found decreased latencies of the P2 and N2, increased latencies
of the P3, diminished P2 amplitudes, and both diminished and enhanced P3 amplitudes in
subgroups of participants with MS. These ERP alterations were not consistent between
subgroups, suggesting that this paradigm can detect clinically relevant distinctions in

brain function.

Previous studies have reported similar, but generally less comprehensive, sets of
alterations. The larger number of alterations detected in this study may support the
suitability of the SART for detecting cortical changes related to cognitive impairment in

this population compared to other paradigm choices:

84



SART ERPS
For example, Kimiskidis et al. (2016) reported increased P3 latency and decreased P2 and
N2 amplitudes (but not decreased P2 or N2 latency or altered P3 amplitude), during a
semi-passive auditory oddball paradigm. The authors also describe a positive association

between P3 latency and age, as we report here.

Whelan et al. (2010) found altered N2 latency and P2 and P3 amplitude on an active
visual oddball task and altered P2, N2, and P3 latency during an active auditory oddball
task. The study did not find associations between these alterations and age. In a separate
study, this group identified latency and amplitude differences in the P3a subcomponent
that varied between subtypes (Whelan, Lonergan, Kiiski, Nolan, Kinsella, Hutchinson, et

al. 2010).

In our study, performance on the MSNQ and HADS-A/D did not correspond to any ERP

measure, suggesting that these ERPs are able to detect alterations that are not captured
by current clinical tools. These ERPs may reflect impairment in domains not assessed by
these screening questionnaires or may represent pre-clinical or sub-clinical changes not

detectable by the screening tools.

Limitations and future directions

Sample size and selection

Our sample included relatively small numbers of participants with SPMS (n=9) and PPMS
(n=8), meaning that the study was underpowered to examine interactions between
subgroups and other factors. An increased sample size would also allow us to better
account for disease heterogeneity by considering factors like disease duration, EDSS, and
cognitive profiles. However, no correlations with disease duration, EDSS, or education
were reported in a previous study ERP study including P2, N2, and P3 (Whelan, Lonergan,

Kiiski, Nolan, Kinsella, Bramham, et al. 2010).

The control group was also older and more male than our MS sample. We accounted for
this by including age and gender as covariates in the analysis. The weak but significant
correlations of age with several ERP measures suggests that age should continue to be
explicitly included as a covariate in these analyses and supports the hypothesis that the

observed changes are not wholly due to aging.
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Fatigue and sleep disturbances

Fatigue is one of the most commonly reported symptoms in MS and can impact clinical
measurements of cognition (Braley et al. 2016; Guillemin et al. 2022). Fatigue has been
shown to impact P300 latency in MS (Pokryszko-Dragan et al. 2016). Additionally, sleep
disturbances may impact sustained attention and response inhibition in this group (Braley
et al. 2016; Lehmann et al. 2013). While we did not have data on the fatigue status of this

sample, future studies should examine the impact of fatigue on the ERPs described here.

Source localization
Localizing these scalp-level ERPs to their sources (as described in McMackin et al. (2020))
could increase the power of this analysis and provide mechanistic explanations for the

ERP changes and behavioral impairments observed in this population.

Conclusion

This study characterizes for the first time the performance of people with multiple
sclerosis on the sustained attention to response task and provides evidence that ERP
responses to this task are altered in line with previous ERP alteration findings in this

population.
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Results: MMN in MS

Mismatch negativity is unaffected in MS

Chapter summary

This chapter investigates the use of the mismatch negativity (MMN) ERP, which is a classic
EEG biomarker of cognitive dysfunction, in multiple sclerosis. Prior literature on the
MMN’s utility in this condition is inconclusive. We do not find evidence of the MMN’s
ability to distinguish between participants with MS and controls, among subgroups of MS,
or between people with varying degrees of cognitive impairment. This suggests that the
MMN may not be the best avenue for further investigation of cognitive impairment or

subtyping in MS.

Introduction

As discussed in previous chapters, cognitive dysfunction in multiple sclerosis is frequent
and impactful, but often not assessed as part of regular clinical visits due to limitations of
time, staffing, or equipment. Thus, any proposed EEG biomarker of cognitive function
must be both clinically relevant and clinically practical. This means that any task-based
measures should be fast and completed easily by patients with significant motor or
cognitive impairments. One solution to this challenge is the use of passive ERP tasks,
where the repetitive stimulus is delivered without the need for a cognitive or physical

response from the participant.

Oddball tasks

“Oddball” tasks, in which infrequent “deviant” stimuli are presented in a stream of
“standard” stimuli are one such potentially passive task. Some oddball task designs ask
participants to respond (e.g. with a button click) to the deviant stimulus (the “oddball”),
but ERP responses to these stimuli also can be generated in the absence of a response.
Certain designs, like the one used in this study, also employ a distractor task or stimulus
(in this case, a movie) to present the task stimuli outside of the participant’s direct
attention. The fully passive versions of these tasks are a good option for use with patient
groups whose motor symptoms, cognitive impairment, or fatigue could hamper their

ability to engage with an active cognitive task. ERPs generated from such tasks have been
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shown to reflect not only sensory engagement with the task, but also aspects of

unconscious cognitive processing (Naatanen et al. 2014).

Mismatch Negativity

The mismatch negativity (MMN) is one such ERP that was first described by Naantanen
and Michie (1979) and reflects the sensory and early cognitive aspects of change
detection (Naatanen et al. 2007). It is a difference waveform obtained by subtracting
responses to standard stimuli from responses to deviant stimuli. Early analysis of ERP
topographies suggested that the signal is generated temporally in or near the auditory
cortex with input from right frontal sources (Giard et al. 1990; Scherg et al. 1989). These
sources were confirmed with later intracranial and MEG analyses (Kropotov et al. 1995;
Halgren et al. 1995; Ndatanen et al. 2012; Baudena et al. 1995). The signal is generally
observed to peak approximately 100-300ms after stimulus presentation and is maximal at

electrodes over the frontocentral cortex (Giard et al. 1990).

MMN in multiple sclerosis

The MMN remains under-researched in MS with studies reporting variable results. Of the
three prior published studies of the MMN in MS, only one found amplitude or latency
abnormalities in MS. In this study, reduced area and latency to a duration deviant was
seen at Fz (Jung et al. 2006). This study also found smaller MMN responses in cognitively
impaired (n=6) than cognitively unimpaired (n=12) participants, though the sample size
was small. Two other studies measuring the MMN at Fz and Cz (Santos et al. 2006) and
F4, Fz, F3, C4, Cz, and C3 (Bissonnette et al. 2023) did not find amplitude or latency
differences between people with MS and controls. However, both studies report
associations between MMN amplitude and clinically relevant metrics. Santos et al. (2006)
found a correlation between an absent MMN response and low PASAT score, and
Bissonnette et al. (2023) found a correlation between lower MMN to a volume-change
stimulus and higher EDSS. These results suggest that while the MMN may not show
differences between people with MS and controls, it may still reflect clinically relevant

distinctions among people with MS.

MMN in other neurodegenerative conditions
MMN EEG amplitude and latency changes have also been reported in several other

conditions, including neurodegenerative conditions. The association between these MMN
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alterations and cognitive changes varies. In ALS, some studies find decreases in amplitude
(Raggi et al. 2008) and increases in latency (lyer et al. 2017). Other studies report no
differences between groups on the MMN’s amplitude or latency (Mannarelli et al. 2014;
Pinkhardt et al. 2008). However, ERP differences between participants with and without
ALS may be more apparent at their brain sources rather than at electrodes (McMackin et

al. 2019; McMackin, Dukic, Costello, Pinto-Grau, McManus, et al. 2021).

Reduced amplitude and increased latency MMNs have also been found in Parkinson’s
disease (Brgnnick et al. 2010; Pekkonen et al. 1995), though other studies find no
difference between this group and controls (Solis-Vivanco et al. 2011; De Groote et al.

2021).

Similarly varied reports are seen in Alzheimer’s disease, with some studies showing
decreased MMN amplitude and increased latency (Papadaniil et al. 2016; Pekkonen et al.
1994), and other studies finding no MMN alterations (Gaeta et al. 1999), or alterations

only in specific stimulus conditions (Kazmerski et al. 1997).

In Huntington’s disease, higher MMN EEG amplitudes have been observed in people with
manifest disease compared to both pre-manifest participants and controls (Beste et al.
2008). In contrast, the MMNm (magnetic MMN, obtained using MEG) showed decreased
amplitude and increased latency (Cheng et al. 2014). Decreased global field power (GFP)
of the EEG MMN (with no changes in amplitude or latency) has also been reported

(Delussi et al. 2024).

Aims

The widespread use of the MMN as a marker of cognition in these conditions suggests
that further investigation of the MMN in MS is needed. This study aims to quantify the
frequency deviant MMN in MS relative to healthy controls and to understand the

relationship between this ERP and a cognitive screening tool (MSNQ).

Methods

Ethical approval
This study was conducted in accordance with the Declaration of Helsinki, with ethical
approval from the Beaumont Hospital Ethics (Medical Research) Committee (REC

reference: 18/63), the St. Vincent’s University Hospital Research Ethics Committee (REC
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reference: R519-054), and the St. James’s Hospital/Tallaght University Hospital Joint
Research Ethics Committee (REC reference: 2017-02 Chairman’s Action 18). Informed,

voluntary consent was obtained from all study participants.

Participants

Recruitment

Participants with multiple sclerosis (PwMS) (n=81) were recruited from Beaumont
Hospital, St. Vincent’s University Hospital, and St. James’s Hospital, Dublin, Ireland during
routine neurology and specialist multiple sclerosis clinics. PwMS were also recruited
through online advertisements distributed by MS Society Ireland. Neurologically healthy
controls (n=54) were recruited through existing control banks in the Academic Unit of

Neurology and advertisements on websites and social media.

Inclusion and exclusion

Adult PwMS with diagnosed RRMS, SPMS, or PPMS and no DMT changes or relapses
within the prior 3 months were eligible for recruitment to the study. Control participants
with no neurological, psychological, or muscular conditions and not taking CNS-acting
medications were also recruited. Exclusion criteria for both PwMS and controls included
active psychiatric disease, history of seizures, head trauma causing a diagnosed
concussion or loss of consciousness, metallic implants in the head, and pregnancy or

breastfeeding.

Participant demographics

Characteristics of the participant samples are presented in Table 14.

90



MMN

Table 14. Demographics of the sample

Patients Controls
n 81 54
mean age (years) [SD] 48.8 [12.3] 60.2 [12.8]
age range (years) 27-82 21-72
Gender (f/m) 61/20 29/25
Handedness (R/L/A) 72/7/2 39/2/2
MS subtype (RRMS/SPMS/PPMS/unknown) 63/9/8/1 n/a
DMD status [no DMD/taking DMD] 23/58 n/a
Mean disease duration (years) [min-max] 14.7 [0-68] n/a
Mean MSNQ_ score [n anormal] 27.4 [43] n/a
Mean HADS- A [n abnormal] 6.9 [33] n/a
Mean HADS-D [n abnormal] 4.7 [16] n/a

Data acquisition

EEG recording

128 active electrodes were applied to an EEG cap (EASYCAP GmbH) selected to fit the
participant’s head by trained experimenters. EEG signals were recorded at 512Hz on a
BioSemi ActiveTwo system in an electrically shielded room. Stimulus presentation and
participant response instances were saved into the continuous EEG data to facilitate
accurate epoching. The recording room was darkened during recording blocks to

minimize distracting visual input.

Experimental paradigm

As described in lyer et al. (2017), participants were instructed to sit in a relaxed manner
and pay attention to a silenced black-and-white movie (Hazanavicius 2011) while a series
of tones was presented through headphones. The tone sequence consisted of frequent
“standard” and infrequent “deviant” tones of 720 and 800Hz, respectively. Deviant tones
comprised approximately 10% of the delivered tones. Three blocks of tones were

presented for approximately seven minutes each.
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Neuropsychological screening

Participants with MS completed the Multiple Sclerosis Neuropsychological Questionnaire
(MSNQ) (Benedict et al. 2003) and Hospital Anxiety and Depression Screening (HADS)
(Zigmond and Snaith 1983).

Data analysis

EEG signal preprocessing
Data were cleaned according to the methods in Chapter 4. The continuous EEG signal was
epoched from 200 pre-stimulus to 600ms post-stimulus and averaged across trials using a

10% trimmed mean to create ERP responses for each participant at each channel.

ERP analysis

Signals were again low-pass filtered below 15Hz (dual-pass 5™-order Butterworth),
baseline-subtracted, and referenced to the common average. Auditory evoked potentials
in response to standard and deviant stimuli were extracted from between 150-350ms
post-stimulus and subtracted to obtain the MMN component. The maximum amplitude,
mean amplitude, latency of the peak, amplitude-weighted latency of the peak, and area
under the MMN were calculated at each channel for each participant. A normal

distribution was approximated using an inverse normal transform.

Group comparisons

A four-factor ANOVA was conducted for each waveform feature to understand the impact
of group (RRMS, SPMS, PPMS, and HC), gender, channel location (Fz, FCz, Cz, Pz) and age
on these features. Outputs were corrected with a 5% FDR, and remaining significant
effects in group, gender, and channel were localized with Fisher’s least significant
difference (LSD) test with 5% adaptive false discovery rate (FDR) correction (Benjamini et
al. 2006). Effects of age were localized post-hoc using Spearman’s rank correlation in both

PwMS and controls and corrected using a 5% adaptive FDR (AFDR).

Correlations with neuropsychological screening and clinical characteristics

Spearman’s rank correlation coefficients were calculated for each pairing of the
waveform features (amplitude, mean amplitude, latency, amplitude-weighted latency,
and area under the MMN at Fz, FCz, Cz, and Pz) with clinical cognitive and psychological
screening scores (MSNQ score, HADS-A score, HADS-D score) in participants with MS.

Correlations were also calculated between waveform features and age at diagnosis and
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disease duration. P-values were corrected using a 5% adaptive FDR correction for each

measure. Uncorrected p-values are shown for significant detections.

Results

MMN responses
Mismatch negativity responses were seen in both people with MS and healthy controls at

electrodes Fz, FCz, and Cz (Figure 5). No consistent MMN response was seen at Pz.

Mismatch Negativity ERP Responses
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Figure 5. Mismatch negativity responses to a passive auditory frequency oddball. Subtracted mismatch negativity
waveforms are shown for participants with MS and healthy controls. Responses from participants with MS are shown in
blue, and responses from healthy controls are shown in red. The solid line corresponds to the mean of the MMN across
participants and the shaded region indicates the 95% confidence interval of this mean. Plots were generated based on
plotting steps initially drafted by Etain O’Meara.

93



CHAPTER 7

MMN measures do not distinguish people with MS from healthy controls

No differences were observed between RRMS, SPMS, PPMS, or controls in the peak or
mean amplitude, latency or mean latency, and area under the component of the MMN

(all ANOVA group effects insignificant after adaptive FDR correction).

The MMN is largest at Fz

Significant effects of electrode were observed for peak amplitude (F3 467 = 58.66, p <
0.0005), mean amplitude (F3 467 = 34.99, p < 0.0005), area (F3,467 = 54.38, p < 0.0005), and
amplitude-weighted latency (F3 467 = 50.21, p < 0.0005) of the MMN. Post-hoc tests
revealed that MMN responses were larger (more negative) anteriorly than posteriorly.
The peak, mean amplitude and area under the component of the MMN were each
significantly different at each electrode, with amplitude decreasing moving posteriorly.
The largest peaks, mean amplitudes, and areas were seen at Fz, followed by FCz, Cz, and
then Pz (Table 15). However, the MMN mean amplitude at Pz was positive, suggesting
that an MMN may not have been reliably found at this electrode. A follow-up analysis
revealed that no MMN was found for 11 participants with MS and 11 controls at Pz,

compared to 0-3 missed MMN peaks at the other channels.

Table 15. P-values for MMN post-hoc tests of size

FCz Cz Pz

Fz 0.039 p<0.0005 | p<0.0005
= | FCz p<0.0005 | p<0.0005
Qe p < 0.0005

Pz

Fz 0.004 p<0.0005 | p<0.0005
& | Fcz 0.091 p < 0.0005
§ Cz p < 0.0005

Pz

Fz 0.014 p<0.0005 | p<0.0005
S | FCz 0.003 p < 0.0005
g | G p < 0.0005

Pz

Amplitude-weighted latency is increased at Pz and in males.
The amplitude-weighted latency of the MMN peak was slower at Pz than at Fz (p <
0.0005), FCz (p < 0.0005), and Cz (p < 0.0005), which did not differ from one another. This

could be due to a prolongation of the MMN response in this region or (as discussed

94



MMN
above) could reflect a failure to find an MMN peak at this electrode. Additionally, males
showed a longer amplitude-weighted latency MMN compared to females across controls

and participants with MS (p = 0.004).

Age does not affect the latency of the MMN

A post-hoc correlation test was conducted between age and the features that showed a
significant effect for age on the ANOVA: MNN peak, latency, and amplitude-weighted
latency. No effects of age could be localized post-hoc after adaptive FDR correction (Table

16).

Table 16. Age post-hoc correlation test. Correlations are shown between age and the MMN features that showed
significant main effects of age on ANOVA. No correlations remained significant after correction for multiple
comparisons.

MMN channel Age
rho p
Fz 0.09 0.328
Peak FCz 0.06 | 0.515
Amplitude Cz -0.10 0.286
Pz -0.22 0.032
Fz 0.12 0.193
FCz 0.16 0.078
Latency
Cz 0.13 0.151
Pz 0.18 0.077
Fz 0.19 0.044
Amplitude- FCz 0.21 0.023
Weighted
Latency Cz 0.21 0.024
Pz -0.06 0.586

MMN standard latency at Pz is associated with onset age and disease duration
Slower standard latencies of the MMN at Pz were associated with younger age at
diagnosis (p =-0.46, p = 0.002) and longer disease duration (p = 0.41, p = 0.005) (Table
17). No significant correlations were seen between age at diagnosis or disease duration
and MMN peak or mean amplitude, area, or amplitude-weighted latency. Furthermore,
no associations were found between MMN waveform features and scores on the MSNQ,

HADS-A, or HADS-D (Supplementary Table 7).
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Table 17. MMN feature associations with age at diagnosis and disease duration. Spearman’s correlation coefficients
are shown for correlations between MMN characteristics at Fz, FCz, Cz, and Pz and age at diagnosis and disease
duration. Significant p- values after adaptive FDR correction are shown in bold.

age at diagnosis | disease duration
MMN
channel rho p rho p

Fz -0.08 0.570 -0.05 0.707
FCz 0.08 0.575 -0.18 0.198

peak
Cz 0.11 0.443 -0.03 0.850
Pz 0.21 0.163 -0.16 0.301
Fz -0.05 0.730 -0.20 0.161
FCz 0.15 0.289 -0.33 0.016

mean
Cz 0.15 0.285 -0.16 0.259
Pz 0.28 0.045 -0.15 0.281
Fz -0.07 0.632 0.00 0.995
FCz -0.22 0.121 0.17 0.223

delay
Cz -0.14 0.343 0.18 0.194
Pz -0.46 0.002 0.41 0.005
Fz -0.06 0.652 0.13 0.360
FCz -0.15 0.277 0.27 0.056

centre
Cz -0.22 0.113 0.17 0.246
Pz -0.20 0.188 0.03 0.826
Fz -0.08 0.560 -0.17 0.223
FCz 0.10 0.466 -0.31 0.025
area ¢z | 013 | 0375 | -005]| 0724
Pz 0.33 0.029 -0.25 0.105

Discussion

Variability of the MMN

Unlike Jung et al. (2006), we did not observe altered MMN responses in people with MS.
We also did not see differences between subgroups of MS on any MMN measure. This is
in agreement with the results of Santos et al. (2006) and Bissonnette et al. (2023), who

did not find differences between participants with and without MS on MMN measures.

Like previous studies, we observed the MMN over frontocentral locations: Fz, FCz, and Cz.
Among these electrodes, the MMN was largest at Fz and decreased moving posteriorly,
supporting the activation of a frontal source by this paradigm. Our finding of a positive
average amplitude across the MMN window at Pz indicates that we likely did not capture
a MMN component at this electrode. This also suggests that the decreased latency we

observed at Pz reflects the activity of other ERP components, rather than the MMN.
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Other studies failing to find MMN alterations in MS did report associations between the
MMN and clinical or cognitive scores. We found an association between slower MMN
responses at Pz and both younger MS onset and longer disease duration, suggesting that
the MMN latency could reflect the increased risk of cognitive impairment in this group.
This effect should be confirmed with follow up studies due to the potential limitations of

recording at Pz discussed above.

We also assessed the correlation between twenty (five characteristics at four electrodes)
MMN features and the MSNQ and HADS and found no association. This suggests that the
MSNQ reflects impairment in cognitive processes other than change detection and

involuntary attention switching.

Electrode selection

This study investigated MMN signals at four electrodes along the central midline (Fz, FCz,
Cz, and Pz) selected based on previous analysis of control data by this group (lyer et al.
2017). While many studies do report this ERP over the midline, the MMN has been found
to show hemispheric asymmetry, with higher amplitude responses over the right

hemisphere (Giard et al. 1990; Scherg et al. 1989).

Future studies using this data should independently assess the locations of maximal MMN
response in patients and controls to select optimal channels for analysis. The use of
source localization measures could also avoid the challenges associated with electrode

selection and determine the locations of MMN generation in this sample.

Stimulus selection

The MMN shows variable responses to different types of stimulus oddballs (Wunderlich
and Cone-Wesson 2001; Tervaniemi 2022), so it is possible that our choice of stimulus
and paradigm did not elicit maximally discriminatory signals. However, Bissonnette et al.
(2023) studied the effects of five different types of oddball stimuli in MS and found no

significant effects in amplitude or latency for any stimulus.

Medication

Evidence suggests that the MMN is affected by escitalopram (Oranje et al. 2008;
Wienberg et al. 2010), raising the question of whether this and other medications
commonly taken by participants with MS may affect these results. We did not account for

medication status in this study but excluded participants taking medications other than
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SSRIs or SNRIs. However, unpublished work?!® from this lab suggests that these
medications do not affect the ERPs studied here (O’'Meara 2024). The other MMN studies
in MS discussed above did not include medication as an exclusion criterion, so we do not
expect the inclusion of these participants in our study to significantly alter our results in

relation to these prior studies.

Fatigue and sleep disturbances

Fatigue and sleep disturbances are common in multiple sclerosis (Bhattarai et al. 2023)
and are known to reduce the MMN in people without MS (Evstigneeva et al. 2010; Yang
et al. 2013; Zerouali et al. 2010). Our study and the studies summarized here did not
assess fatigue. Future research on the MMN in MS should include participants’ level of

fatigue and sleep disturbances as covariates.

Conclusion

These results, in conjunction with prior literature, suggest that the MMN is not a robust
marker of cognitive or sensory dysfunction in MS. Furthermore, the MMN does not
appear to show significant potential as a diagnostic or stratification biomarker. Follow-up
analyses could assess whether the previously reported associations between reduced
MMN and impaired performance on detailed neuropsychological measures exist in this
study’s sample. However, extensive additional investigation or dataset expansion is not

currently warranted.

18 Undergraduate thesis
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Chapter 8
Results: Microstates in MS

Microstate properties are affected in SPMS

Chapter summary

This chapter replicates previous microstate analyses of resting-state EEG data in MS. This
work represents the first analysis of EEG microstate characteristics in people with
secondary progressive and primary progressive multiple sclerosis (SPMS, PPMS).
Participants with SPMS are shown to have altered microstate properties. Other previously

reported microstate alterations were not observed in this sample.

Introduction

Many proposed EEG biomarkers of cognition in MS are event-related potentials (ERPs),
which involve recording EEG measurements during the presentation of repetitive stimuli,
the responses to which are then averaged. These “task-based” paradigms generally
involve long recording sessions to obtain sufficient trials for adequate signal-to-noise
ratios and may require a verbal or motor response from the participant if needed to
ensure particular types of cognitive processing, for example attention or memory. Long
recording times limit clinical feasibility and patients’ willingness to engage with these
tests. Additionally, paradigms requiring motor responses could be biased by physical

disability levels in the absence of cognitive impairment.

In contrast, resting-state EEG (RS-EEG), during which EEG signals are recorded from a
person sitting at rest and not engaging in an active mental task, can be recorded in a
matter of minutes post-set-up from participants with severe motor or cognitive
limitations. RS-EEG biomarkers of cognitive impairment have been proposed in MS
including altered alpha power, frontal theta/beta ratios, graph parameters, and mutual
information (Keune et al. 2017; Shirani and Mohebbi 2022; Lenne et al. 2013). Another
promising avenue for RS-EEG evaluation of MS cognitive impairment is resting state EEG

microstate analysis.

Microstates

Microstates are recurring, transient, quasi-stable topographies (spatial patterns of

activity) of EEG scalp potentials lasting approximately 60-120ms (Michel and Koenig
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2018). They can be extracted from resting state recordings of multi-channel
electroencephalographic activity and represent the dominant whole-brain activations

during a given window of time.

These semi-stable topographies can be grouped into a small number of microstate
classes. Spatial clustering methods can be used to group activity patterns into
topographic classes, ignoring the polarity of the signal (Pascual-Marqui et al. 1995). These
clustered topographies, or classes, are then fitted back to the data to determine a

sequence of dominant microstate activations for each time point.

The number of microstate classes identified or selected varies. The number of classes
should be a balance between overexplaining and oversimplifying the data. Criteria to
determine the optimal number of microstates vary, but many studies report 4 “canonical”
microstates initially described by Koenig et al. (1999) and labelled Classes A, B, C, and D.
Briefly, these classes have been associated with auditory and visual networks (A), visual

networks (B), self-referential thought (C), and attention and executive functioning (D)

(Tarailis et al. 2024).

Each of these aspects are altered in multiple sclerosis to varying degrees. Executive
function and attention (Class D) are commonly reported cognitive impairments in MS
(Chiaravalloti and DeLuca 2008). Interruptions of the visual network (Classes A and B)
have also been found (Sacco et al. 2013). Auditory processing (Class A) is a less common
impairment in MS but has been seen (Gir et al. 2022). Some evidence of alterations to
interoception (Class C) also exists (Salamone et al. 2018) and this could be hypothesized

to relate to symptoms of MS such as depression and deficits in social cognition.

Microstate alterations in neurological and psychiatric conditions

Altered EEG microstate properties have been identified across several neurological and
psychological conditions. Increased frequency and coverage of Class A and lower
coverage and duration of Class D have been observed in schizophrenia (Koenig et al.
1999). Increased Class A coverage and decreased Class D coverage were also observed in
Huntington’s disease, along with increases in Class B coverage, decreases in Class C
occurrence, and decreases in Class D occurrence (Faber et al. 2021). Similarly, increased
coverage and occurrence of Classes A and B, increased duration of Class A, and decreased

duration of Class D were seen in ALS (Metzger et al. 2023).
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Microstates in multiple sclerosis
Three studies have previously investigated microstate characteristics in MS. These studies
looked specifically at participants with relapsing-remitting MS (RRMS). To date, no
published work has reported the characteristics of microstates in people with secondary

progressive or primary progressive MS (SPMS, PPMS).

Gschwind et al. (2016) were the first to identify the four canonical microstate classes in
multiple sclerosis. Using a similar analysis pipeline to the one used in this chapter, they
found longer durations and higher global explained variance (GEV) of Classes A and B in
participants with RRMS than in controls. They also observed greater coverage of class B in
RRMS. The authors also found associations between microstate properties and clinical
characteristics. Longer Class A duration predicted longer disease duration, and shorter
Class A duration predicted higher depression scores. Shorter Class B duration was
associated with a higher two-year annualized relapse rate, more cognitive fatigue, and a
higher EDSS score. Increased cognitive fatigue and higher EDSS scores were also predicted

by greater GEV of Class A.

Like the Gschwind study, Baldini et al. (2023) also found higher Class A GEV in RRMS in
addition to greater coverage and occurrence of Class A. The authors also report higher
Class B occurrence and lower coverage, duration, GEV, and occurrence of class D in RRMS.
This study also replicated the association between Class A duration disease duration,
though the size of this association was small (r = 0.29). The study also found small
correlations (r = 0.32-0.34) between increased performance on the symbol-digit
modalities test (a test of information processing speed) and higher coverage, occurrence,
and GEV of Class A. It is possible that this association of higher Class A GEV with both
increased cognitive fatigue (Gschwind et al. 2016) and better SDMT performance (Baldini
et al. 2023) could reflect a compensatory increase in cognitive effort in people with

RRMS.

A follow-up study by the same group found increased Class B occurrence in fatigued
participants with MS, as well as correlations between increased occurrence, coverage,
duration, and GEV of Class B and increased cognitive fatigue (Baldini et al. 2024). This
contradicts the association between decreased Class B duration and increased cognitive

fatigue reported previously by Gschwind et al. (2016). However, these groups used

101



CHAPTER 8
different analysis methods (prototypes calculated on all participant data vs. within
groups) and fatigue scales (FSMC vs. MFIS), which may explain some variation in these

results.

Aims
This study aims to evaluate whole-brain measures of network activity in subgroups of MS
and understand relationships between these measures and clinical and demographic

variables.

Methods

Ethical approval

This study was conducted in accordance with the Declaration of Helsinki, with ethical
approval from the Beaumont Hospital Ethics (Medical Research) Committee (REC
reference: 18/63), the St. Vincent’s University Hospital Research Ethics Committee (REC
reference: R$19-054), and the St. James’s Hospital/Tallaght University Hospital Joint
Research Ethics Committee (REC reference: 2017-02 Chairman’s Action 18). Informed,

voluntary consent was obtained from all study participants.

Participants and data

Recruitment and inclusion

Participants with multiple sclerosis (n=71) were recruited from specialist and general
neurology clinics (Beaumont, St. Vincent’s, and St. James’ Hospitals, Dublin, Ireland), and
through online advertisements on the MS Society of Ireland website and the I-VOL
volunteer database (www.i-vol.ie). Neurologically, psychiatrically, and psychologically
healthy controls (n=78) were recruited through existing pseudo-anonymized datasets

within the Academic Unit of Neurology, outreach events, and the I-VOL platform.

Participants with MS over 18 years of age with diagnosed MS (RRMS, SPMS, or PPMS) and
no change in disease activity or medication status within the prior 3 months were eligible
for inclusion in the study. Participants without MS and with no neurological, psychiatric,
or muscular conditions or CNS-acting medication use were also eligible for inclusion as
controls. Potential participants (with and without MS) were excluded for active
psychiatric disease, history of seizures, history of head trauma causing a diagnosed

concussion or loss of consciousness, metallic implants in the head, current pregnancy, or
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current breastfeeding. Participants with MS taking SSRIs and SNRIs (n= 10) were eligible

for inclusion due to the large number of people with MS who take these medications.

Control participants taking SSRIs or SNRIs were not eligible for this study.

Demographics

Data from 71 PwMS (76% female, mean age: 48.4 + 12.3 years) and 78 HC (60% female,

mean age: 60.0 £ 12.0 years) were included in this analysis. Additional demographic

information on the study population is presented in (Table 18).

Table 18. Demographic features of the sample

Patients Controls

n 71 78
mean age (years) [SD] 48.4 [12.3] 60.0 [12.0]
age range (years) 21-71 27-83
Gender (f/m) 54/17 47/31
MS subtype (RRMS/SPMS/PPMS/unknown) 57/7/6/1 n/a
DMD status [no DMD/taking DMD] 18/52 n/a
Mean disease duration (years) [min-max] 10.5 [0-51] n/a
Mean MSNQ score [n anormal] 26.9 [36] n/a
Mean HADS- A [n abnormal] 7.11[28] n/a
Mean HADS-D [n abnormal] 4.7 [12] n/a

Questionnaires

Participants with MS completed the Multiple Sclerosis Neuropsychological Screening

Questionnaire (MSNQ) (Benedict et al. 2003) and the Hospital Anxiety and Depression

Scale (HADS-R) (Zigmond and Snaith 1983) at recruitment.

EEG recording

EEG was recorded using a cap-based (EASYCAP GmbH) 128-channel BioSemi ActiveTwo

system at 512Hz in an electrically shielded room with the lights on (to prevent sleep).

Electrode offsets were maintained between + 25uV and signals were monitored online for

channel noise, movement, and sleep.
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Two three-minute blocks of eyes-open resting state EEG data were obtained from all
participants as part of a longer EEG assessment battery. Participants were seated upright
in a supportive chair and instructed to relax their bodies and let their minds wander. A
6x8cm? black fixation cross on white A4 paper was provided to minimize eye movement

during recording.

Microstate processing

Microstate processing was conducted in MATLAB (R2020a) with the Microstate EEGLab
toolbox from Poulsen et al. (2018) using custom scripts designed for the analysis by
Metzger et al. (2023). Minor methodological changes were made to this analysis as

described below.

Preprocessing

The pre-processing steps were carried out following pipelines previously outlined in
publications by our team (Dukic et al. 2019; 2022; Nasseroleslami et al. 2019). These steps
are briefly summarized here. First, continuous EEG signals were segmented into 750ms
epochs. Epochs with high amplitude, mean shift, variance, and band-variance of spectral
power were excluded using a 3.5 Z-score cutoff to avoid bias from muscle and blink
artefacts (Dukic et al. 2017). The EEG signals were then down sampled to 256 Hz. Next, a
zero-phase band-pass filter (one-pass zero-phase FIR: 1-97 Hz) was applied to remove
non-cortical activity (slow drifts and very high frequency noise) with minimal distortion of
the temporal information in the signal. A notch filter (dual-pass third order Butterworth:
50 Hz) was also applied to remove power line noise by sharply reducing signals at the
notch frequency. The signals were baseline corrected to remove DC offsets and drift, and
noisy channels were removed using an algorithm based on Bigdely-Shamlo et al.’s PREP
pipeline (2015). The removed channels were replaced with an interpolation of
neighboring electrodes to preserve spatial coverage. As recommended by (Michel and
Koenig 2018), the signals were then referenced to the common average and low-pass
filtered at 30Hz (6™ order, dual-pass, zero-phase, brick-wall filter) to remove muscle

activity artefacts.

Microstate computation
The topography of the EEG signal was obtained at time points corresponding to peaks of

the global mean-field power (GFP) function, which was calculated for each participant
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using a smoothing window of 10ms as described in Al Zoubi et al. (2019). Peaks less than
10ms from other peaks or more than 1.5 standard deviations above the mean were
excluded from the analysis. A maximum of 3000 peaks were randomly selected from the
individual’s total set of GFP peaks to reduce computation time. The selected peaks
represent 38.4% + 4.8% (mean + standard deviation) of the total available peaks for each

participant.

These topographies were clustered into four prototype classes using a modified K-means
clustering algorithm as described in Metzger et al. (2023), resulting in polarity-invariant
clusters of microstate topographies. The number of clusters was set at four based on the
cross-validation analysis conducted by Metzger et al. (2023) on the same group of control
participants'®. Additionally, using four clusters maximizes interpretability in relation to
prior microstate literature. Prototypes were constructed by clustering the topographies at

the selected GFP peaks from all three groups before backfitting.

The four averaged prototype topographies were backfitted to the continuous EEG data to
obtain a sequence of microstates for each individual. Short microstates (<23ms) were
removed by reclassifying these segments to the next most probable class, as these very

short duration states are likely to represent noise (Poulsen et al. 2018).

Microstate properties

For each microstate class, the length of individual instances (“duration”), number of
instances (“occurrence”), proportion of the full signal spent in the class (“coverage”),
global explained variance (GEV), and global field power (GFP) were calculated for each
participant. The probability of a particular class following another class was also
calculated for each pair of microstate classes (e.g. A=> B, B->A, ..., 12 pairs total) for each
participant. These probabilities were not corrected for differences in the overall

occurrence or duration of the microstate classes.

1% This analysis determined the optimal number of microstate clusters (between 3 and 11) by creating
prototype maps from two thirds of the data and evaluating their performance on the remaining third with
respect to GEV and cross-validation criteria (Pascual-Marqui et al. 1995). The cross-validation procedure
reduces the likelihood of obtaining clusters that represent noise, thereby ensuring the stability of future
data (Metzger et al. 2023).

105



CHAPTER 8

Statistical analysis

Pair-wise comparisons

Pair-wise comparisons among controls and participants with relapsing-remitting,
secondary progressive, and primary progressive MS were completed for each microstate
parameter and class using Mann-Whitney U tests (Mann and Whitney 1947b). P-values
were corrected within parameters (duration, occurrence, coverage, GEV, GFP, and
transition probabilities) with a 10% adaptive FDR correction (Benjamini et al. 2006;
Nasseroleslami 2018). Group averages for these parameters are presented as mean +
standard deviation. Due to the nature of FDR correction, the p-values shown are

unadjusted. Significant detections are indicated in the text and tables.

Correlations with clinical and neuropsychological scores

Correlations between the microstate parameters and clinical and neuropsychological
characteristics were assessed using Spearman rank correlations in participants with
RRMS, SPMS, and PPMS. The characteristics assessed were age, age at onset, disease
duration, MSNQ score, HADS-A subscore, and HADS-D subscore. Correlations with age
were also calculated in healthy controls. Multiple comparisons correction was carried out
using adaptive FDR correction within clinical characteristics (Benjamini et al. 2006;

Nasseroleslami 2018).

Results

Canonical microstates observed in both samples

The four canonical microstates that are typically discussed in the literature (A, B, C, D)
were observed in both controls and participants with MS (Michel and Koenig 2018)
(Figure 6). The total explained variance (mean # standard deviation) of these prototype
maps across all four classes was 59.6% + 1.7% for data from controls, 63.1% + 2.2% for
data from participants with RRMS, 49.8% + 10.4% for participants with SPMS, and 68.3% *
6.6% for participants with PPMS. The amount of data explained by the prototypes was
not significantly different among participant groups (Kruskal-Wallis test, H=4.15 p =
0.245).
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Figure 6 Microstate prototype topographies. Similar topographies are observed for each class in MS, HC, and combined
groups. Percentages under each topographic map represent the coverage (percent of the total recording spent in that
class) of that class. Microstates topographies are polarity invariant: topographies with opposite polarities are treated as
the same microstate.

Duration of Class B is altered in SPMS

Participants with SPMS showed an increase in the duration of Class B (68.82 + 7.7ms)
compared to both controls (60.21 + 3.71ms, p < 0.0005) and participants with RRMS
(61.03 £ 5.68ms, p = 0.002) (Figure 7). Class B duration did not differ between participants
with SPMS and PPMS (61.43 + 5.01ms, p > 0.05) or among participants with RRMS or
PPMS and controls (p > 0.05).
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Figure 7. Duration of Class B. The duration of microstate Class B in milliseconds is shown for RRMS, SPMS, PPMS, and HC
groups. Significant differences were identified between RRMS and SPMS (p=0.002) and SPMS and HC (p<0.0005) groups.

Occurrence, coverage, duration, GEV, and GFP are not altered in MS

After adaptive FDR correction, no significant differences were identified between healthy
controls and participants with RRMS or PPMS on microstate occurrence, coverage,
duration, GEV, or GFP in any microstate class. No differences other than increased Class B

duration were seen in participants with SPMS.

Transition probabilities are not altered in MS
No differences in transition probabilities were found between participants with any

subgroup of MS and healthy controls.

Microstate properties are correlated with age in controls only

Increased age in controls was generally associated with decreased activity in microstate
Class D. Older controls showed lower Class D occurrence (p =-0.28, p =0.012), duration
(p=-0.31, p=0.007), coverage (p =-0.30, p = 0.005), GEV (p =- 0.31, p =0.005), and
transition probabilities from Class A to Class D (p = - 0.32, p = 0.004) and from Class B to

Class D (p =-0.41, p < 0.0005). Increased age was also associated with increased coverage
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of Class C in controls (p = 0.26, p < 0.0005). No associations were seen between any
microstate parameter and age, age at onset, disease duration, MSNQ score, HADS-A
score, or HADS-D score in participants with RRMS, SPMS, or PPMS. Correlation

coefficients and p values are given in Table 19.

Table 19. Microstate correlations with demographic and clinical features. Significant correlations with age were
observed in healthy controls for the occurrence, duration, coverage, and GEV of class D, transition probabilities from A
and B to D, and coverage of class C. No associations were found between microstate properties and clinical
characteristics in people with RRMS, SPMS, and PPMS. Results from people with RRMS, SPMS, and PPMS are shown
collectively (i.e. “PwMS” rather than by subtype) for legibility. No significant effects were observed at either group or
subtype level.

Controls PWMS
Age Age Age at Onset Disease Duration MSNQ HADS A HADS D
rho p rho p rho p rho p rho p rho p rho p
g A -0.13 0.244 0.00 0.975 -0.02 0.908 0.13 0.353 0.07 0.573 -0.06 0.648 0.01 0.908
g_EJ B -0.23 0.047 0.09 0.463 -0.01 0.921 0.13 0.358 -0.09 0.447 -0.18 0.143 0.00 0.970
é C 0.13 0.251 -0.03 0.782 0.03 0.826 -0.07 0.608 0.00 0.995 0.24 0.046 0.12 0.307
o] D -0.28 0.012 -0.11 0.379 -0.12 0.405 -0.09 0.517 -0.21 0.085 -0.06 0.610 0.09 0.441
- A 0.05 0.695 -0.04 0.770 -0.02 0.881 0.09 0.520 0.10 0.426 -0.05 0.709 -0.10 0.424
»g B -0.01 0.908 0.13 0.279 0.01 0.948 0.13 0.351 0.01 0.962 -0.17 0.166 -0.08 0.486
g C 0.25 0.030 0.04 0.772 0.03 0.816 -0.12 0.421 0.11 0.375 -0.01 0.965 -0.12 0.326
e D -0.30 0.007 -0.13 0.289 -0.10 0.510 -0.16 0.272 -0.15 0.197 0.07 0.548 0.15 0.224
g A -0.11 0.320 -0.03 0.826 -0.03 0.848 0.12 0.398 0.11 0.343 -0.03 0.793 0.00 0.982
g B -0.18 0.117 0.12 0.317 0.00 0.981 0.15 0.304 -0.09 0.457 -0.22 0.072 -0.07 0.584
3 C 0.26 0.022 0.01 0.916 0.02 0.884 -0.13 0.365 0.08 0.506 0.10 0.397 -0.06 0.639
© D -0.30 0.008 -0.15 0.228 -0.15 0.305 -0.11 0.450 -0.20 0.094 -0.01 0.950 0.12 0.330
A -0.18 0.115 -0.09 0.477 0.11 0.429 -0.14 0.350 0.07 0.580 -0.01 0.939 0.06 0.611
> B -0.24 0.033 -0.06 0.603 0.01 0.918 0.00 0.996 -0.12 0.324 -0.11 0.350 0.10 0.407
© C 0.20 0.080 -0.05 0.657 0.03 0.845 -0.14 0.344 0.03 0.781 -0.05 0.684 -0.14 0.250
D -0.31 0.005 -0.22 0.068 0.07 0.639 -0.26 0.066 -0.10 0.408 0.04 0.750 0.20 0.098
A -0.03 0.796 -0.03 0.826 0.04 0.794 0.02 0.911 0.19 0.118 0.15 0.226 0.16 0.192
F= B -0.05 0.637 -0.04 0.728 -0.03 0.845 0.07 0.612 0.18 0.123 0.14 0.239 0.14 0.254
© C 0.09 0.444 0.06 0.613 -0.03 0.823 0.09 0.532 0.16 0.192 0.13 0.290 0.04 0.744
D -0.04 0.726 -0.02 0.874 0.02 0.879 0.07 0.634 0.21 0.081 0.22 0.062 0.23 0.059
BA 0.11 0.330 0.10 0.426 0.05 0.717 0.18 0.220 0.11 0.342 -0.07 0.572 -0.07 0.581
CA 0.17 0.132 0.08 0.493 0.07 0.642 0.27 0.058 0.10 0.409 -0.14 0.249 -0.18 0.142
g DA -0.12 0.313 -0.06 0.598 -0.11 0.449 0.18 0.208 0.14 0.239 0.01 0.965 -0.02 0.841
E= AB 0.08 0.512 0.10 0.391 0.02 0.871 0.15 0.288 0.00 0.982 -0.14 0.238 -0.07 0.573
% cB -0.09 0.433 0.19 0.106 -0.01 0.951 0.22 0.131 -0.09 0.465 -0.24 0.045 -0.15 0.215
‘é DB -0.20 0.086 0.10 0.416 -0.05 0.740 0.13 0.352 -0.13 0.288 -0.28 0.019 -0.12 0.328
g AC 0.22 0.054 0.05 0.666 0.07 0.623 -0.01 0.959 0.10 0.427 0.16 0.179 0.01 0.917
}; BC 0.21 0.070 0.00 0.972 0.06 0.658 -0.09 0.555 0.08 0.491 0.18 0.143 0.00 0.974
§ DC 0.18 0.107 -0.06 0.633 0.01 0.953 -0.20 0.174 0.00 0.974 0.19 0.111 0.06 0.610
= AD -0.32 0.004 -0.24 0.045 -0.23 0.101 -0.17 0.231 -0.09 0.448 -0.03 0.780 -0.01 0.948
BD -0.41 <0.0005 -0.10 0.414 -0.08 0.566 -0.18 0.213 -0.16 0.188 -0.03 0.782 0.04 0.746
CD -0.04 0.756 -0.15 0.218 0.02 0.897 -0.35 0.012 -0.02 0.882 0.21 0.079 0.19 0.116
Discussion

Class B duration as a marker of SPMS

We observed an increased duration of microstate Class B in participants with SPMS in
relation to both controls and participants with RRMS. Class B duration has previously
been shown to be increased in RRMS (Gschwind et al. 2016). The implications of this
increase are unclear, with evidence of associations both with decreased (Gschwind et al.

2016) and increased (Baldini et al. 2024) cognitive fatigue. However, the study reporting
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increased cognitive fatigue calculated prototype maps separately for patients and

controls, which may introduce bias (Murphy et al. 2024).

It is also possible that the observed prolongation of Class B reflects Wallerian
degeneration in visual networks due to prior optic neuritis. Optic neuritis is a common
first symptom of MS, and has been shown to cause anterograde degeneration farther
downstream the visual system (Chapelle 2025). Class B activity has been proposed to
originate in the occipital cortex and thus to reflect visual processing (Britz et al. 2010;
Custo et al. 2017; Tarailis et al. 2024). Therefore, the observed prolongation of Class B in
SPMS could reflect visual system damage from several sources, including prior optic
neuritis or fronto-parietal lesions. This damage could cause a prolonged Class B through
either a compensatory increase in neural resources to maintain visual processing or a loss

of network efficiency needed to exit this particular functional state.

Activity in Class B is also increased during verbalization (Milz et al. 2016). Visuospatial
processing and memory, verbal fluency, and verbal memory are commonly impaired in
MS, and some evidence suggests these functions may be more significantly impacted in
SPMS than in RRMS (Brochet et al. 2022; Planche et al. 2016). Therefore, the increased
duration of Class B seen in this analysis could reflect a compensatory increase in visual

and verbal effort through prolonged activation of these networks.

Furthermore, the observation of microstate alterations between participants with SPMS
and RRMS warrants further investigation. The diagnosis of SPMS following RRMS is made
retrospectively based on clinical observation of disease course changes. This leads to
uncertainty and delay for clinicians and people with MS. The search for a diagnostic or
prospective biomarker for this transition remains underway, but has not yet included EEG
candidates (Maier et al. 2023). The analysis should be expanded to include additional
participants with SPMS to assess microstate Class B’s potential as a biomarker of the

RRMS to SPMS transition.

Replication of previous work

We failed to replicate the increase in Classes A and decreases in Class D as well as
increases in other Class B properties found by Gschwind et al. and Baldini et al. (2023;
2024). These differences may be due to the methodological differences detailed above or

differences in the participants sampled. For example, the participant group in Gschwind
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et al.’s study was younger (RRMS: 37.7 + 7.1 years; HC: 36.4 + 8.2 years) than the sample
included in this study (MS: 48.4 + 12.3 years; HC; 60.0 + 12.0 years) by a substantial
margin. Microstate properties have been shown to vary with age (Koenig et al. 2002), so
these samples may have exhibited different characteristics, though no associations with

age were observed in this sample.

Future directions

This study was limited by a small sample size in the SPMS and PPMS groups. This could
limit the statistical power of the analyses or bias our results if the participants included
are not representative of the wider population with their subtype. Participants were
recruited to this resting state study as part of a larger battery of task-based EEG
experiments. This meant that only participants with a relatively low level of physical or
cognitive disability could be included in the sample. Future studies using only RS-EEG (or
RS-EEG in conjunction with a more accessible selection of tasks) could be conducted to

facilitate the inclusion of additional participants with progressive forms of MS.

Conclusion

This study characterized the microstate properties of resting-state EEG in relapsing-
remitting, secondary progressive, and primary progressive multiple sclerosis. Shorter
duration of microstate Class B was seen in participants with SPMS, which may be an
indicator of greater disease burden and relapse risk. Future work will expand the sample
size and explore the biomarker potential of Class B duration as an indicator of transition

from RRMS to SPMS.
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Results: ERPs in MS and ALS

ERP impairments diverge in MS and ALS

Chapter summary

This chapter presents a direct comparison of auditory oddball and sustained attention to
response task (SART) ERP data from people with MS, ALS, and healthy controls. The
pattern of cognitive impairments revealed through neuropsychological testing shows
similarities between these conditions. However, this analysis shows that the pattern of
cognitive ERP impairments is different between people with MS and ALS. This indicates
that ERP measures can provide additional information beyond neuropsychological
batteries and that the similar cognitive outcomes in these conditions are the result of

different neural processes.

Introduction

Amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS) are neurodegenerative
conditions affecting the motor neurons. ALS is an upper and lower motor neuron (UMN,
LMN) condition, while MS mainly impacts UMNs, though LMNs can be affected as well
(Shefner et al. 1992; Vogt et al. 2009). Though the motor symptoms of each condition are
generally focus of research and clinical management, cognitive impairment can occur in

both conditions as well.

Meta-analyses suggest an any-domain rate of cognitive impairment of around 30% in ALS
(Beeldman et al. 2016) and around 41% in MS (Askari et al. 2024), though the severity and
prevalence of impairment varies widely among patient subgroups. The profile of cognitive
impairments seen in these conditions show some similarities. The most commonly
reported impairments in ALS are in executive function, language, and verbal memory
(Jellinger 2023; Abrahams 2023). In MS, the most affected domains are information
processing speed, learning, and memory (Benedict et al. 2020). However, deficits in
executive function (Migliore et al. 2018; Abrahams et al. 2000), verbal fluency (Franca et
al. 2024; Delgado-Alvarez et al. 2020), working memory (Vacchi et al. 2017; Hammer et al.

2011), and social cognition (Bora 2017; Bora et al. 2016) are seen in both conditions.

112



MS-ALS COMPARISON
Because these groups can show similar cognitive changes on neuropsychological testing,
the use of cognitive EEG measures could allow us to understand whether these changes
are the result of common or divergent neural alterations. The purpose of this study is to
directly compare ERP data from people with ALS and MS obtained using the same
collection and analysis methods to understand whether ERP alterations in these groups

reflect general effects of neurodegeneration or disease-specific changes.

A brief review of the literature generated from the same data and methods used in this
chapter is provided below. Therefore, the previous effects listed here reflect results
obtained by this lab rather than a summary of the literature. This approach was chosen to
maximize interpretability between previous and current analyses. No previous work in
this group has evaluated these ERPs in MS, so this summary pertains only to findings in
ALS. A summary of these findings is presented in Table 22, which also provides a direct
comparison between the literature, the findings from earlier in this thesis, and the results

of this chapter in ALS and MS.

Mismatch negativity

Increased amplitude-weighted latency, but not decreased amplitude, was seen in ALS
(lyer et al. 2017). This study used some of the same passive auditory frequency oddball
recordings studied in this chapter, but the peak selection method was not identical to the
method used here. The calculation of waveform features after peak selection was the
same for each study, but the lyer et al. study did not measure mean amplitude. This study
was chosen as the closest comparison despite these differences because no analysis using

the current methods has been undertaken.

Sustained attention to response task
Behavioral changes
In ALS, only anticipation errors were increased compared to controls, while accuracy and

reaction time remained unaffected (McMackin et al. 2020).

P2

The P2 was not assessed in this group’s prior analyses of the SART in ALS.

N2
No latency changes were found in ALS. Smaller peak amplitudes were seen in response to

“No-Go” trials at Cz and FCz (McMackin et al. 2020).
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P3
No differences in P3 characteristics between controls and people with ALS were reported

(McMackin et al. 2020).

In summary, increased MMN latencies and decreased N2 amplitudes are seen in ALS
using these stimuli and methods. The pattern of ERP alterations may differ between

participants with ALS and MS.

Methods

This chapter is a secondary analysis of data discussed elsewhere in this thesis and data
from existing databanks within the lab. All data were collected according to the methods
detailed in the Materials and Methods, Chapter 6, and Chapter 7. Details of deviations

from the analysis methods mentioned previously are given below.

Data

This study used data from three groups of participants: those with MS, those with ALS,
and healthy controls. The data from people with MS and healthy controls has been
discussed elsewhere in this thesis. Additional data from people with ALS was obtained
from existing repositories within the lab. This extra data was collected and pre-processed
according to the same methods detailed in this thesis. The combined datasets are

described briefly below.

MMN

Data from 56 participants with ALS, 67 participants with MS, and 54 healthy controls were
included in this study (Table 20). The group averaged ERP responses were visually
inspected to select the optimal time window for MMN analysis (Figure 8). The MMN was
extracted from 150-350ms post stimulus and the amplitude and latency of the peak,
amplitude-weighted latency, mean amplitude, and area under the component were

compared among groups.

MMN ERPs in this chapter were processed using a 100ms baseline, as opposed to the
200ms baseline used elsewhere in this thesis. This was done to ensure compatibility with

the ALS dataset, which had been processed using a shorter baseline.
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Table 20. Demographic characteristics: MMN

ALS MS HC
n 56 67 54
mean age (years) [SD] 59.9 [9.7] 48.2 [11.8] 50.8 [15.6]
age range (years) 38-80 21-72 20-71
Gender (f/m) 18/37 52/15 33/20

SART

Data from 68 participants with ALS, 81 participants with MS, and 54 healthy controls were
included in this analysis (Table 21). P2, N2, and P3 ERPs were extracted from EEG
averaged waveforms between 100-300ms, 150-350ms and 350-550ms post-stimulus,
respectively. The amplitude and latency of the peak, amplitude-weighted latency, mean
amplitude, and area under the component were calculated for each component and

compared among groups.

Table 21. Demographic characteristics: SART

ALS MS HC
n 68 81 54
mean age (years) [SD] 60.1 [9.5] 48.8 [12.3] 60.2 [12.8]
age range (years) 38-80 27-82 21-72
Gender (f/m) 22/44 61/20 29/25

Group comparisons

Group means for each waveform feature were compared using four- or five-way ANOVAs
with electrode, trial type (SART only), sex, and age included as covariates after normality
correction of the data using an inverse normal transformation. Participants with MS or
ALS were not divided by subtype or site of onset. A Fischer’s least significant difference
(LSD) test was applied to significant group effects to localize pairwise differences, and p-
values were corrected using a 5% adaptive false discovery rate (FDR) correction
(Benjamini et al. 2006). Group means for each behavioral task score were compared
using an ANOVA with age included as a covariate on inverse normal transformed data. As

above, ANOVA outputs were corrected for multiple comparisons using a 5% adaptive FDR
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correction, significant group effects were localized using Fisher’s LSD, and these pairwise

tests were corrected using a 5% adaptive FDR.

Results

The MMN is differentially impaired in ALS and MS

A MMN response was seen between 150 and 350ms at Fz, FCz, and Cz in all participant
groups (Figure 8). No clear MMN was seen at Pz, so this electrode was excluded from
further analysis. Group differences between controls, participants with ALS, and
participants with MS were seen in the amplitude of the peak (F2,505 = 4.84, p = 0.008), the
area under the MMN (F2,505 = 10.49, p < 0.0005), the standard latency (F2,505 = 13.00, p <
0.0005), and the amplitude-weighted latency of the peak (F2,505=4.42, p < 0.012).
Participants with MS showed larger amplitude MMN peaks compared to both participants
with ALS (p = 0.002) and healthy controls (p = 0.052). In contrast, participants with ALS
showed diminished MMN areas compared to participants with MS (p < 0.0005) and
healthy controls (p < 0.0005). Both participants with ALS (p < 0.0005) and participants
with MS (p = 0.058) showed slowed amplitude-weighted MMN responses compared to
healthy controls. In contrast, the standard latency of the P3 was faster in ALS than in HC

(p < 0.0005) or MS (p < 0.0005).
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Mismatch Negativity ERP Responses
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Figure 8. MMN responses along the central midline. Responses from healthy controls are shown in blue. Responses
from participants with ALS are shown in red. Responses from participants with MS are shown in yellow. Solid lines
represent the mean of the MMN response from each participant, and the shaded cloud represents the 95% confidence
interval of this measurement. Plots were generated based on plotting steps initially drafted by Etain O’Meara.

ERPs from the SART differ in MS and ALS
ERP waveforms in response to the SART show similar morphologies among participants

with MS, participants with ALS, and healthy controls (Figure 9).
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ERP Responses to the SART
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Figure 9. SART response waveforms in MS, ALS, and controls at Fz, FCz, Cz, and Pz. Responses from healthy controls are
shown in blue. Responses from participants with ALS are shown in red. Responses from participants with MS are shown
in yellow. Plots were generated based on plotting steps initially drafted by Etain O’Meara.

P2 areais reduced in MS, while N2 area is reduced in ALS

Group level differences were observed in the area under the P2 (F2,1501=6.92, p = 0.001)
and N2 (F,1501 = 9.50, p < 0.0005). P2 areas were decreased in participants with MS (p <
0.0005) and N2 areas were decreased in participants with ALS (p = 0.001) relative to
controls. N2 areas in participants with ALS were smaller than those in participants with

MS (p < 0.0005).

Group differences were also found in P2 (F2,1501=7.06, p = 0.001) and N2 peak amplitudes
(F2,1501=9.23, p < 0.0005), though the pattern of alterations was not as distinct as for P2
and N2 areas. P2 amplitudes were lower in both participants with ALS (p = 0.003) and
participants with MS (p = 0.001), and no differences were observed between these
groups. N2 amplitudes were lower only in participants with ALS compared to controls (p =

0.001) and participants with MS (p < 0.0005).
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P2 latency is reduced in ALS and increased in MS
The standard (F2,1501 = 4.28, p = 0.014). and amplitude-weighted latency of the P2 differed
among groups (F2,1501 = 3.32, p = 0.036). In comparison to P2 latencies in controls,
standard latencies were shorter in ALS (p = 0.004) and unaffected in MS, and amplitude-
weighted latencies were longer in MS (p = 0.013) and unaffected in ALS. Participants with
MS and ALS did not differ from each other in the standard or amplitude-weighted latency
of the P2.

N2 standard and weighted latency differ in MS and ALS

The groups also showed differences in the standard (F2,1501 = 5.46, p = 0.004) and
amplitude weighted (F2,1501 = 3.83, p = 0.022) latencies of the N2. Both participants with
MS (p = 0.001) and participants with ALS (p = 0.032) showed faster N2 peaks compared to
controls when measured using a standard latency of the peak. When comparing the
amplitude-weighted latency of this peak, participants with ALS and MS differed from each

other (ALS > MS, p = 0.006), though neither group was impaired relative to controls.

P3 latency is altered in MS but not in ALS

P3 responses were delayed in participants with MS. Participants with MS showed longer
standard (p = 0.003) and amplitude-weighted (p = 0.018) latencies of the P3 compared to
control latencies. Participants with ALS showed no impairment in standard or amplitude-

weighted latency and did not differ from participants with MS in these measures.

Mean amplitudes are decreased in MS and increased in ALS across ERPs

In contrast to the results described above, mean amplitude showed a consistent pattern
across ERP components, with decreases in the MS group in P2 (p = 0.042), N2 (p = 0.019),
and P3 (p = 0.004), and increases in the ALS group in P2 (p = 0.006) and N2 (p = 0.039)
compared to controls. In addition, participants with MS and ALS differed in mean
amplitude of the P2 (ALS > MS, p < 0.0005) and N2 (ALS > MS, p < 0.0005). As discussed
previously, calculation of this waveform component does not require the presence of the
peak of interest, so this measure may be more reflective of total EEG activity across the

ERP search window than of ERP-specific changes.

SART “Go” accuracy differs between ALS and MS
Participants with ALS and MS also showed different behavioral impairments on the SART

(Figure 10). Controls and participants with ALS and MS differed in overall accuracy (F2,145 =
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4,93, p = 0.008), with both participants with ALS (p = 0.003) and MS (p = 0.016)
responding less accurately than controls. “Go” trial accuracy also differed among groups
(F2,245=14.32, p < 0.0005), with lower accuracy compared to controls in ALS (p < 0.0005)
and MS (p = 0.001). Participants with ALS and MS also directly differed from each other in

response accuracy to “Go” trials (p = 0.057).

Anticipation errors varied among groups (F2,145 = 8.93, p < 0.0005), with both participants
with ALS and MS producing fewer anticipation errors than controls. Anticipation errors
were less frequent in participants with ALS compared to controls (p < 0.0005) and
participants with MS (p < 0.023), and less frequent in participants with MS than in
controls (p = 0.060).

Finally, reaction times differed among groups (F2,145 = 4.33, p = 0.015), with participants

with ALS producing longer reaction times than controls (p = 0.056) and participants with
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Figure 10. SART behavioral performance scores across groups. Significantly different performance among groups was
seen in total accuracy, “Go” trial accuracy, anticipation, and response times. Participants with ALS and MS showed
impairments in total accuracy, “Go” trial accuracy, and anticipation. Participants with ALS also showed impairments in
reaction time that were not observed in the group with MS.

Discussion

A summary of the results observed in this study and previous results is given in Table 22.

The results in this chapter show slight deviations from previous findings, despite identical
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methodology?® and overlaps in the datasets assessed. Some of these could be attributed
to variations in the samples of participants included or artefacts of the statistical analysis
procedures. For example, pairwise post-hoc comparisons were only conducted in the case
of significant group-level effects on an ANOVA. This could lead to some missed pairwise
effects (in either the prior or current studies), if, for example, one participant group had
very high within-group variation masking differences between the two remaining groups.
In this case, the high within-group variation could result in a low F-value and high p-value
for the ANOVA group effect, preventing further investigation in the form of a post-hoc

test according to our method.
Additionally, results discussed in Chapter 6
and Chapter 7

were separated by MS subtype, while results in the present study pertain to participants
with RRMS, SPMS, and PPMS collectively. Our previous results show that ERP alterations
differ among subtypes of MS (Chapter 6), so effects seen in one or two subgroups may
not be apparent when considering MS participants as a unified group. Conversely, the
increased sample size of the combined group may increase the statistical power of some
tests, allowing us to observe effects at a group level that were underpowered when

studied within subtypes.

20 With the exception of the MMN study mentioned above.
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Table 22. Results overview: comparison with previous findings. The results of this analysis are shown in blue, while the
results shown earlier in this thesis or published elsewhere are shown in black. The waveform characteristics of the MMN
and P2 ERPs are shown in grey because these ERPs were not assessed using these same methods in this group’s prior
studies of ALS. The P2 was not assessed, and the MMN was assessed using a different method (including omission of
mean amplitude). The previous MMN results are included on the table in parentheses to reflect the fact that this was not
a direct replication study.

Auditory
SART
Oddball
ERP MMN P2 N2 P3
I MS
JALS
Peak amplitude MMS JALS NPPMS
JALS
4 SPMS
Y MS JMS JMS
Mean amplitude
PALS TALS 4 SPMS
I MS
Area under the JRRMS
JALS JALS NPPMS
component J SPMS
J PPMS
JALS
JALS ™MS
JMS
Latency of the peak JALS JRRMS NSPMS
JSPMS
J PPMS NPPMS
J RRMS
™MS ™MS
Amplitude- 4 SPMS
MALS ™MS NSPMS
weighted latency J RRMS
(MALS) NPPMS

The MMN is enhanced in MS, diminished in ALS

In contrast to previous results, we found an increase in the amplitude of the MMN peak
and a decrease in its amplitude-weighted latency in participants with MS. In a previous
direct comparison of people with MS and controls (Chapter 7), no group level effects
were observed with an ANOVA. Therefore, no post-hoc testing was carried out, which
could account for the differences in effect seen here. Additionally, the analysis in Chapter
7 was broken down by MS subtype, while the present chapter analyzed all participants

with MS together. Therefore, increased amplitude and delayed weighted latency of the
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MMN may be a feature observable in participants with MS generally, rather than within
individual subtypes. These results also contradict the finding of a smaller, faster MMN in
MS reported by Jung et al. (2006). However, this study employed a duration deviant
rather than the frequency deviant used here. As MMN is highly variable and affected by

stimulus choice, the difference in paradigms could account for this difference in findings.

The amplitude-weighted latency was also found to be increased in ALS, which
corresponds to previous work by this group (lyer et al. 2017). In contrast, standard
latency was found to be decreased in ALS, which was not reported previously. This could
reflect an alteration in MMN morphology in ALS, with a faster peaking, more persistent
waveform. Additionally, the previous analysis did not find alterations in MMN size, in
contrast to the decreased MMN area seen here. The peak selection method used in this
chapter does differ from the one used by lyer et al., which could account for the
difference in findings. lyer et al. calculated the MMN as the timepoints of significant
difference between the standard and deviant waveforms, while the present analysis
looked for a negative deflection between 150 and 350ms. This could lead to differences in
what part of the waveform was defined as the “MMN” for a participant. The lyer et al.
significant difference method found a MMN from 102-268ms in controls and from 125-
500ms (the end of the epoch) in participants with ALS. The morphology of this peak in
participants with ALS suggests that this method may have captured later peaks in addition
to the MMN, because two distinct peaks are seen in this waveform (between
approximately 100-300ms and 400-500ms). Waveform characteristics were calculated
between 100 and 300ms, as opposed to the 150-350ms window used here. Another
potential cause of this difference is that lyer et al. observed increased latencies compared
to controls in spinal, bulbar, and C90RF72-negative ALS subgroups. If the ALS group used
in this study had a different distribution of participant subgroups than the group studied

in lyer et al., then this could account for some of the variation in the results.

Mean amplitudes are decreased in MS and increased in ALS across SART ERPs
Consistent changes in mean amplitude were seen across the P2, N2, and P3 elicited
during the SART. Participants with MS in this study showed a decreased mean amplitude
across all three ERPs. In contrast, participants with ALS showed an increased mean
amplitude of the P2 and N2. Other than a decrease in P3 mean amplitude in participants

with SPMS, none of these effects were observed previously. Further investigation is
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needed to determine the cause and meaning of this effect. However, reductions in
amplitude in MS may result from fewer neurons responding to the stimulus due to
atrophy or dysfunctional cortical organization. While greater levels of neuronal loss (and
therefore a lower mean amplitude) would be expected in ALS relative to MS, the
increases in mean amplitude seen here could also reflect the well-known cortical

hyperexcitability in ALS (Vucic, Pavey, et al. 2021).

As a more diffuse measure of ERP size, this measurement may be more sensitive to
differences in waveform morphology compared the amplitude of the peak, which is based
on a single time-point only. For instance, a quickly peaking P2 could have a lower mean
amplitude across the 100-300ms time window compared to a more slowly peaking P2
with the same peak amplitude. However, we would expect that such morphological
differences might also be reflected in changes in the area under the component. Instead,
P2 area and mean amplitude were both decreased in participants with MS, but no other
group-ERP pairs showed matched effects in area and mean amplitude. On the contrary,
N2 area was decreased and N2 mean amplitude was increased in ALS. Directly comparing
amplitudes across waveform timepoints as was done for standard and deviant trials in
lyer et al. (2017) may be a more direct option for investigating relative changes to ERP

component morphology in ALS and MS.

The following discussion sections pertain to the peak-specific ERP features: amplitude and

latency of the peak, amplitude-weighted latency, and area under the component.

P2 amplitude and latency are differentially altered in MS and ALS

We found decreases in P2 amplitude in both MS and ALS groups. However, a lower P2
area was seen only in MS and not in ALS. Additionally, participants with ALS showed a
faster P2 response (standard latency) while participants with MS showed a slower P2
response (amplitude-weighted latency) relative to controls. The P2 alterations in ALS seen
in this study were not found in previous analyses of this data (McMackin et al. 2020),
possibly due to the inclusion of additional participants or methodological differences in

the statistical analysis.

In MS, decreases in peak amplitude and area under the component correspond to our
earlier results (Chapter 6). Participants with SPMS showed decreased peak amplitudes

and areas of the P2 and participants with RRMS and PPMS showed decreased areas of the
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P2. However, we did not observe the decreased P2 standard latency in participants with
MS seen in Chapter 6. Instead, we observed a delayed amplitude-weighted latency. In the
previous analysis, we had seen both an increased standard latency in participants with
SPMS and a decreased latency in participants with RRMS and PPMS, so these changes
may have averaged out in a combined group. Likewise, the combined all-MS grouping
may have provided additional power to detect the delayed amplitude-weighted latency

seen here.

Therefore, we can conclude that the P2 is affected in both MS and ALS, though the
pattern of alteration may differ. Further consideration of component morphology may

allow better dissociation of these groups from P2 data.

N2 latency is altered in ALS and MS, but amplitude is altered in ALS only

Participants with ALS showed diminished amplitudes and areas of the N2, corresponding
to the decrease in N2 amplitude reported previously (McMackin et al. 2020). The N2
standard latency was decreased in both ALS and MS groups in this analysis, corresponding
to the decreased N2 latency seen in RRMS and SPMS (Chapter 6). A decreased latency of
the peak could reflect a flattened N2 peak that does not continue to rise for as long as
peaks in healthy controls do. Participants with ALS also showed greater amplitude-
weighted latencies compared to participants with MS, though neither group differed from
controls. In ALS, a decreased standard latency and increased mean latency supports the
hypothesis of a broad and early peaking N2 component in participants with ALS. The
alterations in N2 amplitude-weighted latency in RRMS and SPMS reported in Chapter 6
were not reflected in decreased MS group N2 amplitude-weighted latencies in this

analysis.

The P3is altered in MS, but not in ALS

No changes were seen in this analysis in ALS in the amplitude or latency of the peak,
amplitude-weighted latency, or area under the component of the P3. This supports the
lack of P3 alterations in ALS reported previously (McMackin et al. 2020). In contrast, the
P3’s mean amplitude was lower, and standard and amplitude-weighted latencies were
higher in participants with MS. This reflects the decreased mean amplitude seen in SPMS

and delayed standard and amplitude weighted latencies in SPMS and PPMS (Chapter 6).
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Conclusions

Different patterns of impairments can be seen in ERPs related to cognitive functions
between ALS and MS. Though similarities exist between the cognitive changes observed
in these conditions, these results suggest that different neural processes produce these
changes. The results also support the use of ERPs to provide additional information about

clinical cognitive functioning that is not revealed by standard neuropsychological testing.
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Discussion

Chapter summary

This chapter synthesizes the novel findings from the thesis and discusses these in the
context of the state of the field and potential future applications. Limitations and other

considerations for the interpretation of this work are also examined.

Introduction

The results obtained during this thesis project provided evidence of impaired executive
function in MS, identified biomarker candidates for the RRMS-to-SPMS transition, showed
that cognitively related neural dysfunction is disease-specific and highlighted the
importance of paradigm selection for EEG quantification of cognition. These results

suggest interesting avenues for further research into cognitive impairment in MS.

ERP responses to cognitive task-based paradigms were altered in people with MS, varied
among subgroups, and differed between groups with MS and ALS. No MMN characteristic
was altered in subgroups of MS, but MMN characteristics were differently altered in MS
and ALS at a group level. However, MMN features did not show good test-resest
reliability. P2, N2, and P3 responses to the SART did vary among subgroups of MS and
also showed different patterns of alterations in MS and ALS. Characteristics of these ERPs
did show high test-restest reliability. Resting state microstates were largely unaffected in

subgroups of MS, with the exception of a prolonged Class B duration in SPMS.

Complex executive function is impaired in MS

Prior evidence from neuropsychological testing has shown that many people with MS
display impairments in executive function, which encompasses processes like attention,
inhibition, and task-switching. These effects have been supported with evidence from

structural and functional brain imaging techniques.

This thesis assessed aspects of executive function through task-based EEG and resting
state EEG microstates. The mismatch negativity (MMN) was found to be a poor indicator
of MS-related cognitive dysfunction (Chapter 7, Chapter 9). Furthermore, it was

determined that the MMN would not be a good choice for longitudinal tracking of
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cognition in MS or other conditions due to its poor test-retest reliability (Chapter 5). Only
one MMN measure was found to have significant reliability, and the location of this
finding at the Cz electrode only (the only electrode on a cap EEG system placed according
to direct measurements) suggests that the MMN may be more impacted than SART ERPs

by anatomical location.

The findings support the literature showing that MMN is a highly variable ERP impacted
by location, paradigm, and neurological dysfunction. In addition, no amplitude or latency
differences (across the five measures assessed) were found at Fz, FCz, Cz, or Pz,
corroborating previous reports that the MMN is not affected in MS. In previous studies of
the MMN in MS, MMN characteristics correlated with clinical and cognitive scores
(Bissonnette et al. 2023; Santos et al. 2006), so we assessed the correlation between the
MMN and the MSNQ, age at diagnosis, disease duration, and HADS. No significant
associations between the MMN and these measures were identified. Furthermore, the
frontocentral midline is expected to be the site of maximal MMN response, so it is
unlikely that selection of different electrodes would alter these results. These results, in
combination with the literature, suggest that the auditory oddball is not the most suitable

task for the assessment of cognitive impairment in MS.

The MMN is generally used as an indicator of auditory processing and memory, but may
also reflect early activity in attention-switching networks (Ndatanen et al. 2014).
Therefore, this aspect of executive function does not appear to be substantially impacted
in people with MS. Early attention-switch processes may be spared in MS cognitive
decline, or these basic processes may be sustained through compensation from other
neural mechanisms. The compensation hypothesis is contradicted by the observation of
no change in microstate Class A (Chapter 8), which represents activity in audiovisual
networks. If compensatory auditory network processes were active, we would expect to
see an increase in Class A activity as indicated through increased duration, occurrence, or
coverage of Class A. However, microstate network activation may be quite broad in
comparison to the specificity of the neural mechanisms generating the MMN response.
Additionally, the MMN is a focused response generated during a task-based paradigm as
opposed to the more variable brain activity observed at rest. Therefore, possible

compensatory activity related to this task may not be visible using resting state
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microstate analysis. Future source localization?! of MMN responses or other whole-brain

measures may better characterize network activity during this task.

In contrast to these relatively spared basic attentional processes, complex executive
functions like sustained attention and inhibition appeared to be impaired in MS. In
Chapter 6, evidence was given of impaired performance and ERP responses to the
sustained attention to response task (SART), a complex task of executive function
involving aspects of sustained attention, change detection, performance monitoring,
inhibition, and processing speed. The complexity of the task minimizes ceiling effects and
makes the task well-suited to identifying subtle cognitive impairment. Performance on

and EEG responses to the SART had not previously been characterized in MS.

People with RRMS (but not SPMS or PPMS) showed increased errors of omission,
commission, and anticipation on the task, but no slowing in reaction time. These results
indicate that the test could be a useful measurement of cognitive impairment in RRMS.
Further investigation with additional participants is needed to clarify whether
performance on the SART is unimpaired in people with SPMS or PPMS, or if our study was
underpowered to detect such impairment. If people with progressive forms of MS do
indeed perform normally on the SART, then the test may provide a behavioral indicator of
transition from RRMS to SPMS. In this case, unimpaired performance could reflect the
development of a compensatory neural or cognitive strategy that is not present in RRMS.
However, such a finding would be unexpected, as people with SPMS would be more likely

to have more significantly impacted cognition than those with RRMS.

Additionally, while the effect should be confirmed in those with a more advanced disease

stage, the lack of reaction time impairment suggests that the task could be a good tool to

21 EEG source localization is an umbrella term referring to a variety of mathematical methods used to infer
the probable origin of EEG signals recorded at the scalp. Source localization of the same auditory oddball
and SART signals studied in this thesis revealed alterations in ALS (McMackin et al. 2019; 2020). Source
localization of ERP signals increases the spatial resolution of EEG and thus can provide further information
about what underlying brain changes are contributing to cognitive changes in neurodegenerative diseases
like MS. This thesis includes data collected at 128 EEG channels, making it suitable for future source
localization. A follow-up analysis should identify the brain source generators of the scalp ERP signals

reported in this thesis in people with MS and controls.
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measure and track cognition without bias from motor dysfunction. Other commonly used
screening tools like the PASAT and SDMT can be affected by dysarthria and fine motor
impairment (Tombaugh 2006; Nygaard et al. 2015).

This study also documented altered ERP responses to this task for the first time in MS.
Decreased amplitudes and increased latencies of these ERPs indicate quantifiable changes
in neural activity associated with task switching, sustained attention, performance
monitoring, and response inhibition. These results correspond to prior reports in the
literature of loss of inhibitory control in MS and of alterations of the same ERPs elicited
with different paradigms. Response inhibition failures in MS are proposed to be related to
failures of executive function rather than global disinhibition (Ternes et al. 2019). This is
supported by observations that increased CSF parvalbumin (a marker of inhibitory neuron
loss) is associated with global cognitive dysfunction rather than attention, processing

speed, or executive function (Ziccardi et al. 2024).

The SART and its ERP correlates therefore appear to be robust indicators of inhibitory
failure related to executive function impairment in MS. Furthermore, the peak and mean
amplitude, latency and mean latency, and area under the component of the P2, N2, and
P3 were shown to have almost uniformly high test-retest reliability across Fz, FCz, Cz, and
Pz, making these measures good choices for future longitudinal studies. Measures that
show insignificant reliability (11 out of 120 potential biomarkers) can be avoided in future

longitudinal analyses.

Future research should assess whether variations in these tasks or their ERPs correspond
to clinically meaningful distinctions in cognitive impairment severity. The cognitively
related EEG changes reported here were found to have greater associations with MS
presence or subtype than with scores on cognitive and psychiatric screening tools. Many
of the participants with MS and some control participants also completed full-battery
neuropsychological testing through a connected research group. A follow-up study could
seek to compare the EEG results from this thesis with neuropsychological scores to assess
the biomarker potential of these candidate markers in determining clinical cognitive

impairment.

In addition to assessing the biomarker potential of these signals to diagnose cognitive

impairment, future studies could seek to assess their suitability as prognostic biomarkers

130



DISCUSSION
of cognitive impairment. Participants from the studies described here can be invited to
complete additional follow-up EEG visits. Alternatively, data could be collected
longitudinally from a new cohort. First, these longitudinal data could be compared
between time cohorts to understand the typical progression of these signals over time in
MS. Then, the signals could be evaluated within an individual over time to understand
whether changes in the signals reflect clinically meaningful progression of cognitive
symptoms. Additionally, the prognostic biomarker potential of these signals could be
evaluated by comparing cognitive outcomes longitudinally between participants showing
impaired and unimpaired signals at baseline. Differences observed between participants
with RRMS and SPMS could also be investigated longitudinally as candidate biomarkers of
the RRMS-to-SPMS transition.

ERP biomarkers could identify the RRMS to SPMS transition

At present, no objective indicators of the transition from relapsing-remitting to secondary
progressive MS have been identified. This is a particularly interesting area of research
because the diagnosis of SPMS is made after observing the presence of steady disease
progression over a span of time, often six months. This means that the transition to SPMS
is usually diagnosed retrospectively, and so people developing SPMS likely remain classed

as having RRMS during and after this transition.

A good objective biomarker for SPMS would be measurable routinely at home or during
clinic visits to identify transition as early as possible. A better objective biomarker would
be able to predict this transition before it happens. If these biomarkers could identify
people at the point of this transition (or even before it occurs), then an “early SPMS”
subtype could be identified. Very early SPMS is a critical subset that is currently
unidentifiable until after SPMS has progressed. Better identification of early SPMS could
permit clinical trials to target this group directly and accelerate the development of
treatments tailored specifically to progressive MS. Early treatment has been linked to
better outcomes in RRMS, so it is conceivable that early treatment with a medication
specifically for SPMS could yield similar results. Additionally, predicting and identifying

SPMS faster would reduce stress and uncertainty for patients.

For these reasons, the identification of biomarkers of SPMS development is an active area

of research. However, to date, such research has focused on methods such as serum and
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CSF assays, MRI, and OCT (Maier et al. 2023). As discussed elsewhere in this thesis, EEG
provides complimentary information to these methods and, in some cases, has
advantages in cost and patient acceptability. Therefore, an EEG biomarker of RRMS to

SPMS would be advantageous to the field.

The pattern of EEG alterations relative to controls differed between MS subtypes for
several markers in this thesis, suggesting that some markers could be investigated further
as indicators of the RRMS-to-SPMS transition. Specifically, participants with RRMS
showed decreased P2 size and P2 and N2 latency. Participants with SPMS showed
diminished and slowed P2 and P3 responses, faster N2 responses, and higher microstate
Class B duration. P2 and P3 amplitude and latency differed between participants with

RRMS and SPMS.

These markers may indicate differences in stimulus monitoring, change detection, and
visual network activation between people with RRMS and SPMS. These candidate
biomarkers should be evaluated further in a larger group of people with SPMS (in
comparison to RRMS) to evaluate their biomarker potential. If candidate biomarkers are
identified, then a prospective study of the measures could be conducted with a group of
people with RRMS who are highly likely to transition to SPMS over the study period (e.g.
long disease duration, older age, presence of other prospective transition biomarkers).
This group could be followed longitudinally, and EEG measures could be compared
between progressors and non-progressors. Additionally, data from participants with
SPMS and PPMS could be grouped to identify features most associated with a progressive
phenotype. These features could then be assessed both for ability to identify transition to
SPMS and to identify progression independent of relapse activity (PIRA) within
participants with RRMS. Development of biomarkers for PIRA is an active area of
research, and no EEG biomarkers of the phenomenon have been identified to-date

(Calabrese et al. 2024; Bsteh et al. 2025).

However, it must be noted that these biomarker candidates are related to cognition, so
they may show lower utility in people who do not have cognitive symptoms or whose
cognitive symptoms do not progress throughout the disease. There is significant debate
over whether the prevalence and severity of cognitive impairment increases over time in
MS (Literature Review). However, these markers reflect the neural activity underpinning

cognition rather than cognitive outcomes themselves. Therefore, it is possible that these
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may change during progression to SPMS even if clinically observable cognitive
performance does not. Future longitudinal analysis of biomarker potential should
consider completing detailed cognitive phenotyping on participants at baseline to
evaluate whether the utility of the markers depends on the presence of cognitive

impairment at baseline.

Cognitive ERP alterations are disease-specific

The patterns of cognitive impairment seen in neurodegenerative conditions overlap. For
example, both MS and ALS have been linked to varying degrees of dysfunction in
attention, memory, verbal fluency, and social cognition. While each condition shows a
different prevalence of these and other impairments at a group level, it would be difficult
to distinguish individuals based on which cognitive domains are impaired. Therefore,
cognitive impairment is not currently used in the differential diagnosis of these
conditions. It is possible that better understanding and more specific measurements of
cognitive impairments could allow these patterns to be considered as part of diagnosis in

the future.

Currently, it is more relevant to understand whether the overlapping patterns of cognitive
impairments seen in different neurodegenerative diseases are due to the same or
different underlying neural changes. Knowing whether the neurodegenerative changes
causing cognitive impairment are general or specific to a particular disease could help
ensure that cognitive rehabilitation or medications are tailored to the underlying neural

dysfunction.

This question is incompletely answered by direct, between-condition comparison of
cognitive and EEG changes reported in the literature because of inter-study variations in
study participants, experimental paradigms, analysis methodologies, and more. Thus, the
datasets available within the Academic Unit of Neurology provide an excellent
opportunity to address this question. These data were collected from people with MS and
ALS in the same location with the same equipment, experimental paradigms, and
processing methodologies. Therefore, similarities or differences in these measures should

reflect similarities or differences in the conditions.

Just as ERP characteristics were found to differ among MS subtypes, ERP characteristics

differed between neurodegenerative conditions as well (Chapter 9). For example,
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participants with ALS showed smaller MMN responses, while those with MS showed
larger ones. Among the four ERPs studied (MMN, P2, N2, and P3), MMN amplitude, area,
and latency, P2 area, latency, and weighted-latency, N2 amplitude and area, and P3
latency and weighted latency alterations differed between those with ALS and MS.
Therefore, these markers likely reflect impaired cognitive neural activity that is specific to
each condition rather than neurodegeneration in general. In contrast, the ERP features
that showed the same changes in each condition (e.g. MMN weighted latency, P2
amplitude, N2 latency) may reflect the effects of common neurodegenerative processes
between the two conditions. These results can be used to inform choices of condition-

specific biomarkers for future research.

Additionally, the results suggest that associations between ERP measurements and
cognitive outcomes should be evaluated within the context of a specific condition, rather
than among neurodegenerative conditions as a whole. This also highlights the need for
condition-specific approaches to cognitive rehabilitation and drug discovery. In other
words, interventions that are tailored to the underlying neural dysfunction rather than to

the symptomatic outcome may be more effective.

Appropriate paradigms are essential for EEG analysis of cognition

The results discussed above underscore the need for the considered selection of
appropriate EEG experimental paradigms and analysis methods. To capture cognitive
impairment in highly heterogeneous conditions, paradigms must activate the impaired
process and candidate biomarkers must accurately reflect the activity of these processes.
This section provides some reflections on appropriate avenues for the future use of

paradigms and markers discussed in this thesis.

To evaluate executive function in MS

The ERP correlates of the SART are better biomarker candidates than the MMN for the
detection of executive function impairments in MS. The MMN reflects sensory
components of attention and early attention-switching mechanisms that do not appear to
be impaired in MS. In contrast, the SART reveals impairments in more complex aspects of

attention and inhibition.

Performance on the sustained attention to response task is impaired in MS and does not

appear to be affected by motor impairment. These effects should be investigated
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longitudinally and compared to detailed neuropsychological testing to evaluate whether
the task can track or predict cognitive progression within an individual. Furthermore, the
study should be expanded to include more participants with advanced EDSS to confirm its

insensitivity to fine-motor impairment.

ERP alterations in P2, N2, and P3 can also be seen in response to the SART. Further study
could investigate the longitudinal biomarker potential of these candidates. Using the
current analysis methods described in this thesis, the P2 and P3 may be more suitable

choices due to peak-finding difficulties with the N2.

To study cognition longitudinally

Biomarkers for longitudinal tracking of cognition should have suitable test-retest
reliability. Good test-retest reliability means that changes in the marker can be
interpreted as changes to neural activity, rather than random variation between
measurements. The MMN as measured in this thesis generally does not show acceptable
reliability for longitudinal use. However, the amplitude of the MMN at Cz was found to
have excellent test-retest reliability and could be considered for longitudinal use to study

the evolution of sensory attention.

Unlike the MMN, ERPs recorded during the SART show generally high test-retest
reliability, making this paradigm an excellent choice for longitudinal application. The test
measures cognition in MS-relevant domains, and so should be sensitive to longitudinal
cognitive decline in MS. The evolution of SART ERPs should be investigated as potential

predictive biomarkers of cognitive decline.

To study the activity of brain networks

The MMN and SART ERPs described in this thesis reflect the summed activity of discrete
neural processes at set locations, rather than whole-brain activation across networks. In
contrast, rsEEG microstates (Chapter 8) reflect broader, whole-brain activation patterns.
If information about whole-brain networks is desired, rsEEG microstates could be a better
starting point. From there, task-evoked activity can be investigated within altered
networks. On the other hand, these broad networks reflect the interaction of numerous
processes, only some of which may be impaired. In this way, microstate analysis could
miss cognitive neural impairment if it is very specific or variable within a sample. This may

be why numerous alterations were seen in SART ERPs while few alterations in microstates
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were observed. Therefore, both whole-brain and sensor ERP measurements can play a

role in the quantification of activity within a network.

Limitations and considerations

Some limitations that may have impacted the results presented in this thesis are
discussed below. These limitations do not represent errors in the current analyses, but
rather, considerations that may guide the application of these results. The section
discusses how these limitations were addressed in the present studies and opportunities

to further address them in future research.

Clinical characteristics of MS

The participants included in these studies were approximately representative of the wider
population of people with MS with respect to MS subtype. The proportion of the study
samples made up of people with RRMS varied from around 75-80%. However, we did not
directly assess disease stage (e.g. EDSS) beyond distinguishing between RRMS, SPMS, and
PPMS, so these analyses may have missed EEG alterations that were specific to people
with high or low levels of physical disability. Nevertheless, age, age of onset, and disease
duration were assessed for correlation in each analysis, and no associations were found
between the candidate markers in these features, which would be expected to show
some association with EDSS. Future applications of this research seeking to track
cognition on an individual rather than group level should measure EDSS, as disability level

may contribute to inter-individual variability in EEG measures.

We also did not measure fatigue, which is a common and disabling symptom of MS
affecting between 36-78% of people with MS and decreasing quality of life (Oliva Ramirez
et al. 2021). Though we did not measure fatigue, we did measure self-reported
depression, which often co-occurs with fatigue in MS (Wood et al. 2013) and showed no

associations with ERP measures in our studies.

Additionally, conflicting reports have been made regarding whether fatigue affects ERP
measurements in MS. No studies have investigated the impact of fatigue on the SART in
MS, because the SART has not been previously characterized in MS. One study has looked
at fatigue in relation to the MMN in MS, finding delayed latencies in people with higher
fatigue. Only one study has investigated the impact of fatigue on microstates in MS,

reporting increases in Class F and Class B (Baldini et al. 2024). In Chapter 8, increased
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Class B duration was observed in SPMS. Expansion of this SPMS dataset in conjunction
with fatigue assessment could help clarify whether these effects may be reflective of

increased fatigue in SPMS.

Self-report measures of cognition

The analyses included in this theses assessed the relationships between EEG measures
and cognition using the multiple sclerosis neuropsychological questionnaire (MSNQ)
(Benedict et al. 2003). Self-report measurements of cognitive dysfunction are sometimes
criticized as non-objective and influenceable by mood, fatigue, or physical disability.
Validated anxiety and depression scales were included in these studies to account for
some of this variability and showed no association with ERP measures. As discussed

above, disability and fatigue scales could further improve these measurements.

The lack of concordance between the MSNQ and individual objective cognitive tests was
identified from the point of the tool’s development (Benedict et al. 2003). In this study,
the screening score did not correlate well with any individual cognitive test. However, the
screen had a sensitivity and specificity of 0.83 and 0.97, respectively, for the overall
identification of cognitively impaired patients. Therefore, while self-report measures may
not reflect impairment within a particular domain, they can still accurately identify people
who have affected cognition. Most of the participants with MS included in this thesis
project have completed full-battery neuropsychological assessments with linked research
teams. Therefore, future analyses could assess the relationship between self-report and

objective measures with our own data.

However, self-report scales like the MSNQ may not only be useful as a prompt for further
cognitive evaluation. Rather, these tools contain important information of their own: a
person’s perception of their own cognition. Therefore, abnormal MSNQ scores should be
taken both as an indication for further cognitive testing and as a statement of an
individual patient’s experience, whether or not this corresponds to objectively

measurable changes.

Impact of COVID-19
The research reported here was conducted from 2020-2024 and was consequently
impacted by the COVID-19 pandemic. Initial plans for longitudinal analyses were quickly

changed to methodological assessment of laboratory methods (Chapter 5).
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It is also possible that the pandemic impacted the research after data collection resumed.
Fatigue and “brain fog” (cognitive impairment and cognitive fatigue) were frequently
reported symptoms of COVID-19 infection, both during the acute illness and longer-term.
No data on the presence or number of prior COVID-19 infections was obtained during
these studies. It is therefore possible that some of the cognitive and neural effects
described in this thesis were due to COVID-19 related cognitive dysfunction rather than
MS-related cognitive dysfunction. However, these effects should have impacted both
people with MS and healthy controls, unless the impact of COVID-19 on the brain is
different between these groups. Additionally, some evidence suggests that the overall
rate of COVID infection was lower in people with MS, possibly due to earlier access to
vaccines and increased attention to social distance and isolation because of the greater
risks of infection in this population (Moreno-Torres et al. 2021). Therefore, COVID-19
brain dysfunction likely does not explain the results obtained in this thesis but could be an

interesting avenue for further research.

Conclusion

As discussed throughout this thesis, cognitive impairment is a frequently reported and
distressing symptom of several neurodegenerative diseases, including multiple sclerosis
(MS) and amyotrophic lateral sclerosis (ALS). Successful longitudinal tracking of cognitive
impairment for research and treatment could be aided by the development of robust
biomarkers that more directly reflect underlying neural activity than methods like

neuropsychological assessment.

This thesis applied novel and under-utilized EEG methods to study cognitive dysfunction
in multiple sclerosis. The goal of this research program was to identify EEG biomarker
candidates of cognitive impairment in MS, or EEG signatures that are altered in MS and
could be assessed in relation to cognitive impairment in the future. This revealed new
EEG signatures of cognitive impairment in MS. These signatures (e.g. P3 elicited by the
SART, microstate Class B) have been associated with cognitive outcomes in other
conditions like ALS. Therefore, these novel candidates have the potential to serve as

robust biomarkers of cognitive impairment in MS.

The biomarker candidates identified point to the existence of impaired executive function

in MS. Some candidates also differ among subtypes of MS, suggesting that these could be
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developed into phenotypic biomarkers in MS. Additionally, the identification of
biomarkers that differ between RRMS and SPMS (e.g. P2 latency, microstate B duration)
indicates that these markers could reflect neural changes relevant to the progression
from RRMS to SPMS. No prospective clinical test for this transition currently exists, so

these results highlight an interesting avenue for further research.

This project also provides practical advances to facilitate future longitudinal study of
cognition in MS and other neurodegenerative conditions. Firstly, it provides the first
evaluation of the test-retest reliability of ERPs generated from the EEG-compatible
implementation of the sustained attention to response task (SART). The test interrogates
MS-relevant cognitive domains, and the resulting ERPs were shown to be highly reliable
with repeat testing. This will support the future use of this paradigm in a longitudinal
study of cognition in MS. In addition, the assembly of a large, representative dataset of
EEG recordings in people with MS provides an initial basis for such a longitudinal study.
Other analysis methodologies such as source analysis, oscillatory band power, and EEG
connectivity analysis can be applied to this rich dataset to further understand the neural

signals underpinning cognition in this group.

The thesis also facilitates cognitive research in neurodegeneration by showing that the
observed EEG signal alterations in conditions like MS and ALS are not solely due to
neurodegenerative processes that are shared between the conditions. Patterns of EEG
alterations differed between participants with MS and ALS, showing that these signals can
reflect disease-specific alterations in cognitively related neural processes. This will
encourage future studies to differentiate between shared and divergent alterations
among neurodegenerative conditions. Such distinctions could increase the specificity of
research on treatments and interventions for cognitive impairment, increasing their

chances of success.

In conclusion, this thesis project investigated novel and under-studied EEG biomarker
candidates of cognitive impairment in MS and identified a set of candidate biomarkers of
impaired executive function and the RRMS to SPMS transition. The project also showed
the disease-specificity of these alterations. The collection of a large dataset of task-based
and resting state EEG recordings and the validation of the test-retest reliability of the

EEG-compatible SART facilitates future work in this area.
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Appendix A: Inclusion and Exclusion

The inclusion and exclusion criteria for participants with MS and controls are shown
below. The criteria for participants with ALS were the same as the criteria for controls,
with the addition of a diagnosis of ALS. Participants with ALS and MS were excluded, but

no potential participants had both ALS and MS.

Inclusion/Exclusion Criteria- MS
Inclusion

e Diagnosed multiple sclerosis:
o Stable Relapsing Remitting MS (RRMS): use of a disease modifying drug
(DMD) for at least 3 months or DMD free for at least 3 months
o Secondary Progressive MS: DMD free for at least 3 months
o Primary Progressive MS
e Neuroimaging (MRI) within the past 6 months
e Capable of participation and of providing informed consent
e > 18 years old
e PHASE 2 ONLY: patients prescribed cladribine (RRMS)

Exclusion

e Relapse within past 3 months
e Active psychiatric disease
e Use of medications that will interfere with EEG recordings or cognitive functioning

(e.g. antidepressants, antipsychotics, anxiolytics, anticonvulsants) or illicit drugs
e ADDITIONAL EXCLUSIONS FOR EEG PORTION OF STUDY:

o Medical condition (other than MS) that affects the nervous or muscular

systems (e.g. diabetes, seizure disorders).
Current or previous seizures
Currently pregnant or breastfeeding
Head trauma causing diagnosed concussion/loss of consciousness
Metallic implants in the head (e.g. cochlear implants)

O O O O

Inclusion/Exclusion Criteria- Controls
Inclusion

e Capable of participation and of providing informed consent
e > 18 years old

Exclusion

e Active psychiatric disease

e Use of medications that will interfere with EEG recordings or cognitive functioning
(e.g. antidepressants, antipsychotics, anxiolytics, anticonvulsants) or illicit drugs

e Any medical condition that affects the nervous or muscular systems (e.g. MS, MND,
diabetes, seizure disorders).

e Current or previous seizures

e Currently pregnant or breastfeeding

e Head trauma causing diagnosed concussion/loss of consciousness

e Metallic implants in the head (e.g. cochlear implants)
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Appendix B: Detailed Protocol

Recruitment and participants

Ethical approval

All studies were carried out with prior ethical approval from the relevant bodies?? and in
accordance with the Declaration of Helsinki. Information leaflets (Appendix D) and
procedural information were provided to all study participants before the study visit.
Informed, voluntary consent was obtained from all study participants prior to data

collection.

Recruitment process and sources
Participants were recruited to the study through a combination of in-person interactions

in neurology clinics and outreach events, online advertisements, and word-of-mouth.

MS participant recruitment

Initially, potential participants with MS receiving routine neurological care at Beaumont
Hospital were approached by study team members in waiting areas and asked about their
interest in hearing about ongoing research projects. People who expressed interest were
given a brief overview of the study, and if happy to proceed, were provided with an
information packet consisting of an information leaflet, consent form, data capture form,
and neuropsychological questionnaires. Participants were given the option to read the
information leaflet on their own time or to have each section read or explained by the
study team member. After reading the information leaflet, participants were given an
opportunity to ask any questions and to decline to proceed. Participants were then asked
to sign the consent form (Appendix D), which was then signed by the study team
member. Participants were free to take the information packet with them if they wished
to take more time before deciding to participate and were provided with contact
information for study team members to ask questions. After completing the informed

consent process, participants were asked to fill out a data capture form with their contact

22 Beaumont Hospital Ethics (Medical Research) Committee —reference: 18/63

St. Vincent’s University Hospital Research Ethics Committee —reference: R519-054

St. James’s Hospital/Tallaght University Hospital Joint Research Ethics Committee —reference: 2017-02,
Chairman’s Action 18
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details, relevant medical details confirming eligibility, and interest in completing each of
the study arms. Participants indicating an interest and eligibility for the EEG visit were
contacted to confirm interest and schedule a study visit via phone call, email, or

discussion during the neuropsychological battery visit.

Potential participants who were not attending Beaumont Hospital for their medical care
were approached by research nurses and consultants in the MS and general neurology
clinics at St. Vincent’s Hospital and St. James’ Hospital. Consent was obtained to share
participant contact information with the TCD research team, who confirmed eligibility and

interest via phone call or email.

During the COVID-19 pandemic, these paper information packets and intake
questionnaires were moved to a Qualtrics survey that could be shared with participants
via email. Participants were approached by their neurologists during telehealth visits, and
participants who gave consent to be contacted were contacted to explain the study and
share the link. This process was managed by the MS research study neuropsychologist in
Beaumont Hospital. Respondents expressing an interest in the EEG study were followed

up via phone call or email to provide more information and schedule a visit.

Additional participants were recruited through online advertisements on MS Society
Ireland’s research webpage, which directed potential participants to the Beaumont MS
study research neuropsychologist’s email. Prospective participants were then sent the

Qualtrics survey to check eligibility before scheduling study visits.

ALS participant recruitment

Recruitment of participants with ALS was managed by other research teams within the
Academic Unit of Neurology. Some of these data were collected over the course of this
research project. Other datasets were recorded prior to the start of this project and were
made available in a pseudo anonymized format. Participants were recruited in a similar
manner to the process described above. Prospective participants were approached during
multi-disciplinary ALS clinics at Beaumont Hospital to ascertain interest in research and
consent for future contact. Those interested, willing, and able to participate were given
more information in a follow-up phone call and were scheduled for an EEG visit if

suitable.
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Control recruitment

Neurologically healthy control participants were recruited through in-person outreach
events, online advertisements, and word-of-mouth. Controls were recruited directly
through this thesis project and via previous projects. Datasets from prior projects were
shared in pseudo anonymized form. Control data collected prior to this project was
intended to be age-matched to participants with ALS (which generally has an older age of
onset than does MS) and therefore was not appropriately age-matched to our
participants with MS. To combat this problem, an effort was made to recruit younger

controls through word-of-mouth and online advertisements.

Wherever possible, inclusion and exclusion criteria were provided with study calls to
allow prospective controls to self-assess eligibility before contacting the study team. This
minimized our processing of personal data and reduced administrative burden on the

research team.

i-Vol

One major source of recruitment for healthy controls (and some participants with
neurological disease) was Volunteer Ireland’s National Volunteering Database “i-Vol”
(https://www.i-vol.ie/). The website is designed to match community members with
volunteer opportunities, including research projects. A description of our research and
eligibility criteria was published on the website, and interested volunteers could express
interest and consent for contact through the website. Interested parties were contacted

by email to provide further information and schedule study visits where appropriate.

Inclusion and exclusion criteria

Complete eligibility criteria are provided in Appendix A. Briefly, all participants were
subject to the group’s general EEG eligibility criteria, which involve exclusions for active
psychiatric disease, metallic implants in the head, medications that could affect EEG
signals, history of head trauma, history of seizures, and current pregnancy or

breastfeeding.

Controls were additionally excluded if they had any neurological or muscular condition or

if they had first-degree (parent, sibling, child) relative with ALS or MS.

Participants with ALS or MS were excluded for any diagnosis of neurological or muscular

conditions other than ALS or MS. No participants with both ALS and MS were recruited.
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Participants with MS were subject to additional recruitment criteria. Participants needed
a diagnosis of RRMS, SPMS, or PPMS with no disease-modifying therapy (DMT) changes or
relapses within the previous 3 months. People with MS taking SSRIs and SNRIs were
eligible for recruitment, though severe active psychiatric disease remained an exclusion
criterion for this group. This was allowed due to the expected high rate of participants
with MS taking these medications. An unpublished undergraduate thesis found no effect

of SSRI or SNRI medications on the ERP measures used in this thesis (0’Meara 2024).

Experimental paradigms

Data for this thesis were collected as part of a three-arm study of cognition in multiple
sclerosis consisting of 1) questionnaires, 2) a full-battery neuropsychological visit, and 3)
the EEG visit. All participants completed phase one (questionnaires) and could choose
whether to then complete only phase two, only phase three, or both phase two and
phase three. The thesis focuses on the EEG arm of the study, with inclusion of some data

from the questionnaire phase.

Questionnaire collection and neuropsychological visit

Participants with MS completed the multiple sclerosis neuropsychological questionnaire
(MSNQ) (Benedict et al. 2003) and hospital anxiety and depression scale (HADS) during in-
person recruitment, online Qualtrics recruitment, or during the EEG visit if recruited
directly. Some participants’ carers or family members also completed the MSNQ
informant-report, though there was insufficient data to include these scores in the

studies reported here.

The neuropsychological visit phase consisted of a 2-3hr in-person or video call visit with a
trained neuropsychologist researcher?® at Beaumont Hospital. Participants completed a
full battery of clinical neuropsychological tests. The tests included in this visit are listed in

Appendix F.

Participants with ALS and controls did not complete these questionnaires or

neuropsychological visit. However, some participants with ALS and controls completed

2 Dr. Marta Pinto-Grau; Dr. Orla Strahan; Tara Boyle, Lorna O’Sullivan, Leticia Handel
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similar neuropsychological batteries through other studies. This data may be available for

future examination of the relationship between EEG and neuropsychological measures.

Equipment and set-up

All EEG recordings were carried out in the Wellcome-HRB Clinical Research Facility at St.
James’s Hospital?*. Recording procedures were the same for each participant group.
Experimenters were not blinded due to overlap between the recruitment, consenting,
and study visit personnel. Upon arrival, participants were given time to review the
information leaflet again and to ask any remaining questions. After signing a consent form
for the visit, participants were led to an electrically shielded room and asked to sitin a
comfortable, high-backed chair approximately 1m in front of a standard computer
monitor. Ambulatory wheelchair users were given the option to sit in their own
wheelchair or to transfer to the facility chair. Non-ambulatory wheelchair users remained

in their wheelchair for safety purposes.

Flat Ag-Ag/Cl active EMG electrodes (BioSemi) with a small amount of conductive gel
(Signagel, Parker Labs) were placed on cleaned right and left earlobes, right and left
mastoids, right and left outer canthi, and above and below the left eye as alternate
references or to aid in the detection of blink artefacts. EMG electrodes were secured with
tape as needed. Participant head circumference was measured using a standard soft
measuring tape placed around the widest circumference of the head (on most
participants, across the supraorbital arch and inion). A 128-channel EASYCAP (GmbH)
mesh cap was selected based on this measurement and placed on the participant’s head
to check for fit. Caps that were uncomfortably tight or did not make good contact with
the participant’s head were exchanged for the next largest or next smallest size. A small
amount of conductive gel (Signagel, Parker Labs) was applied to each electrode holder
with a plastic syringe. Active pin Ag-Ag/Cl electrodes bundled into 32-electrode “ribbons”
were attached to the electrode holders in the cap, and the ribbons were taped to the
back of the chair reduce weight on the participant’s head and neck and to minimize

electrode movement. EEG signals were recorded at 512Hz using a BioSemi ActiveTwo EEG

2 https://www.sjhcrf.ie/
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system in Actiview software. Signal offsets (electrode voltage-CMS reference voltage)

were kept between £ 25mV throughout.

Experimental blocks

All EEG tasks were recorded in short blocks (2-7min, depending on the task) to help
ensure that participants would be able to sit as still as possible for the duration of the
recording block. Breaks between blocks allowed participants to stretch and have water or
a small snack. Experimenters used these breaks to monitor participant well-being, check

equipment, and explain task instructions.

Auditory oddball

Three blocks of a passive auditory frequency oddball task (lyer et al. 2017) were recorded.
Each block was approximately seven minutes long. Participants watched a silent movie
(The Artist (Hazanavicius 2011)) while unattended auditory stimuli played through
Sennheiser HD650 headphones (Wedemark, Germany). Recording room lights were turned
off during these blocks. Auditory stimuli were 150ms pure tones of standard (720Hz) or
deviant (800Hz) frequencies with 833ms inter-stimulus intervals. Deviant tones were

presented at random and accounted for around 10% of the total stimuli.

SART

Four, five-minute blocks of the sustained attention to response task (SART) (Robertson et
al. 1997) were delivered as described in McMackin et al. (McMackin et al. 2020).
Participants were presented with a series of random single digits and asked to click a
standard computer mouse in response to each digit except the digit “3”. Digits were
presented in light grey (RGB: 250,250,250) on a black background with randomly varied
font sizes of 100, 120, 140, 160, or 180pt. The inter-stimulus interval was randomly varied
between 1120-1220ms. Participants were instructed to respond as quickly and as
accurately as possible, prioritizing speed and accuracy equally. Participants were also
reminded to stay as still as possible apart from their responding finger and to keep their

finger in contact with the mouse.

After the task was explained, participants were given the opportunity to ask questions
and complete an unrecorded practice block of up to 45 trials with experimenter feedback
on the nature of task performance (e.g. “remember to keep the rest of your body still”,

“click every time you see a number except for the number three”). No feedback was given
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on the quality of task performance (e.g. “go faster”, “you got all of those right”). After the
practice block, the recording room lights were turned off and participants completed four
blocks of 252 trials each (approximately 5 minutes). Breaks between blocks for visual

comfort and mental rest were given as appropriate.

Resting state

Six two-minute blocks of resting state EEG were recorded: three with eyes open and three
with eyes closed. Eyes open recordings were conducted with the recording booth lights
on, and eyes closed recordings were conducted with the recording booth lights off.
Participants were instructed to relax their body and let their mind wander. The EEG signal

was monitored for wakefulness and movement throughout.
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Appendix C: Data protection

All individuals’ personal data were pseudo anonymized and stored either physically in a
locked room in the Academic Unit of Neurology or digitally on a password protected
server in the Academic Unit of Neurology for access only by team members. All data were
pseudo-anonymized from the point of collection and will be stored until five years after
the end of the study, after which time it will be fully anonymized. The data has not been
deposited in a repository, but nonetheless several steps have been taken to make the

data abide by F.A.L.R. principles (Wilkinson et al. 2016).

Some essential non-anonymized information (e.g. contact information) is also stored as
part of the research. This information is stored in password-protected files on TCD
password-protected computers and servers and is only accessed by an approved subset
of the research team (myself, the neuropsychologist, the supervising consultant
Psychologist, and the research manager). This subset of the research team is approved to
handle this identifiable data per the approved data ethics application. All data is backed-

up regularly.

During processing, data is stored in commonly used file types and saved at intermediate
analysis steps to facilitate the future use of unprocessed, partially processed, or fully
processed data by our group or others. All data collected from the same participant are
saved under the same subject identifier. Processing codes have been edited where
applicable to be more generalizable to other protocols or research groups. No requests to

access this data have been made by outside groups to date.

Fully anonymized individual or pooled data may be made available to other research
teams upon request except in cases where data sharing would present a risk to
participant privacy. All reasonable requests for data access will be fulfilled on a timely

basis. To date, no data access requests have been made.

Participant data collected as a part of this project is subject to the protections laid out in
the General Data Protection Regulations (GDPR). All participants were informed of their
rights under GDPR during the informed consent process. All data collection, handling, and
storage procedures were carried out in compliance with GDPR. A data protection impact
assessment was performed for all research in the Academic Unit of Neurology and was

approved by the Data Protection Officer of TCD.
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Appendix D: Information leaflets and
consent forms

Information leaflets

Patient information leaflet (TCD/SJH)

3= Q] Trinity College Dublin
P m Ml Coldiste na Trion6ide, Baile Atha Cliath
H The University of Dublin

Study title: Characterising Network Disruption in Human
Neurodegeneration: A Spectral EEG and TMS based Approach —

Patient Information Leaflet

EEG aspect
First Principal investigator name: Orla Hardiman
First Principal investigator’s title: Professor, Academic Unit of Neurology,

Trinity College Dublin
Clinical Professor Consultant
Neurologist, Beaumont Hospital, Dublin

Telephone number of First Principal Investigator: 35318964496

Second Principal investigator name: Richard Carson

Second Principal investigator’s title: Professor, Dept. of Psychology, Trinity
College Dublin

Telephone number of Second Principal Investigator: 35318968448

Consultant co-investigator’s name: Colin Doherty

Consultant co-investigator’s title: Consultant Neurologist,
Neurology Dept., St. James’ Hospital,
Dublin.

Research Study Data Controller’s Identity: Trinity College Dublin
Address: Academic Unit of Neurology
Room 5.43,
Trinity Biomedical Sciences Inst.
Trinity College Dublin
152-160 Pearse Street
Dublin 2
Phone: +353 1 896 4376
St James’ Hospital
Medical Record Data Controller’s Identity: Address: Wellcome — HRB Clinical
Research Facility,
Wellcome — H&H Building, Level 2,
St James’s Hospital,
James’s Street,
Dublin 8,
Ireland.
Address: Data Protection Officer

Data Protection Officer’s Contact Details:
Secretary’s Office,
Trinity College Dublin,
Dublin 2, Ireland.
Email: dataprotection@tcd.ie.

Version 7 16/05/22
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You are being invited to take part in a research study to be carried out at The Wellcome
Trust Clinical Research Facility, St. James’ Hospital by The Academic Unit of

Neurology, Trinity College Dublin.

Before you decide whether or not you wish to take part, you should read the information

provided below carefully and, if you wish, discuss it with your family, friends or GP
(doctor). Take time to ask questions — don’t feel rushed and don’t feel under
pressure to make a quick decision.

You should clearly understand the risks and benefits of taking part in this study so that

you can make a decision that is right for you. This process is known as ‘Informed
Consent’.

You don't have to take part in this study. If you decide not to take part it won’t affect your
future medical care.

Why is this study being done?

The purpose of this study is to investigate if brain activity patterns predict how
individuals will be affected by neurodegenerative diseases, including Motor Neurone
Disease (MND) or Amyotrophic Lateral Sclerosis (ALS), Huntington’s Disease (HD),
Multiple Sclerosis (MS), Frontotemporal Dementia (FTD) and post-polio syndrome
(PPS). In this study we look at what parts of the brain are acting unusually with these
diseases to:

1. Study if these patterns relate to how each individual is/will be affected by the
disease in terms of symptoms and severity — If so, they may help to identify
subtypes of these diseases which should be treated differently, and they may
help us test if drugs work in clinical trials.

2. Study if these patterns could be used to objectively identify the presence of the
disease - If so, they may help doctors to test for, and diagnose, these diseases
earlier than is currently possible.

3. Learn more about how these diseases affect the brain and what we should try to
target when developing new potential therapies.

We will measure brain activity using a procedure called Electroencephalography (EEG).
This is described under ‘What will happen to me if I agree to take part?’

Why am I being asked to take part?

You have been invited to take part in this study because you are over the age of 18 years
and have requested to be provided with information about volunteering as a subject in
research of those with/those who are genetic relatives of, someone with ALS, MS, FTD, HD

or PPS.

We will be recruiting 90 participants per disease diagnosis group (ALS, MS, FTD, HD, PPS),
120 first-degree relatives of those with ALS, MS, FTD or HD and 90 participants without these
conditions as controls.

Who should NOT attend the study (exclusion criteria)?

If any of the following apply to you, you will not be able to participate in this study:
Page 2
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1. Psychiatric disease (for example, clinically diagnosed major depressive disorder,
anxiety disorders, bipolar disorder, schizophrenia)

2. Betidmaety medications (e.g. antidepressants, antipsychotics,
medication), illicit drugs or other medications which modulate the central nervous
system (e.g. anti-seizure medication)

3. Medical condition that affect the nervous system (e.g. diabetes, seizure disorders) or
muscular system, other than HD, ALS, MS, FTD or PPS

4. Previous (allergic) reactions in similar recording environments, e.g. to recording gels

5. Pregnant or breastfeeding women.

6. Consumed alcohol on the previous evening, slept abnormally poorly or eaten very little

in the previous 6 hours should not participate as it may affect performance.

The research team will ask if any of these apply to you prior to your recruitment to this study.
Please answer as accurately as possible. If you are unsure if any of these criteria
apply to you, the research team can answer your query.

What will happen to me if I agree to take part?

You will be asked to attend the Clinical Research Facility in St James’s Hospital for a
recording session. Each session will last approximately 2.5 hours. You may withdraw from
the study at any time, including before, during and between sessions. We will ask you to
attend up to 5 sessions at 4 month intervals, to monitor changes in the brain over time.
However participation in all 5 sessions is not required to contribute to this study.

When you arrive, a member of the research team will bring you through this information leaflet

including what you will be asked to do and what you will experience and you will be offered
the chance to ask any questions or address any concerns you may have before agreeing to
participate.

If you agree to participate, we will first ask you to sign a consent form. We will also ask you

10 questions to help us determine your “handedness” (i.e. whether your left or right hand is
dominant). We will also ask you to tell us of any medications you are currently taking or if you
have/have had any serious medical problems, so we can maximise your care should you
require medical attention for any reason. This information will be destroyed at the end of
the session.

In each EEG recording session, we will place a cap on your head. Electrodes will be placed

into holes in the cap over your scalp to record the activity of your brain. 8 electrodes will be
placed around the ears and eyes to record background activity. We will place some
conductive gel between the electrodes and your skin. We will then do the recording while you
are at rest, watching a movie or carrying out a mental test. This is called
electroencephalography (EEG). The experimenter will tell you the details and instructions

of the tasks in advance. Please let a member of the research team know if you have any
questions or are uncertain about how to act or perform during these tasks, to ensure

they are completed correctly.
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You may need to wash your head after the experiment to remove the conductive gels.
Showering facilities are available on site. You may also use a towel to wipe away the gel and
subsequently wash it completely away after you leave if you prefer to do so.

These techniques are non-invasive, i.e. there are no needles involved and all

electrodes are placed on the surface of the skin. You may feel bored, stiff or restless from
sitting in a chair for 2-2.5 hours. You may move while seated in the chair between recording
sessions, however due to the number of cables which connect the electrodes to the recording
device, we will ask you to stay seated for the duration of the session once we begin applying
the equipment. If you wish to withdraw from the study at any time this equipment can he
quickly removed by a member of the research team so that you can leave the chair.

Your responsibilities as a participant:

If you agree to take part in this study, we request that you cooperate to the best of your ability.
We also request that you answer the prescreening questions before attending and on the
day of the session, as you believe to be accurate, to ensure we are aware of any potential
biological factors which may affect your results.

Our responsibilities to you as investigators:

Alleviating any discomfort is important to us during this recording, both to ensure

your own comfort is maximised and to improve the quality of the data we collect, which

is best when the muscles are relaxed. Therefore please alert one of the research team
during thesessionifatany timeyou feel uncomfortable or tense, if you wish to change

All data

will be maintained in a strictly confidential manner. The information that you provide will be
stored in a way that it cannot be accessed except by the study team.

position in the chair of if you would like a pillow to support your arm or back.

What are the benefits?

There is no direct benefit to you for taking part in this study. Your participation may,
however, benefit those with HD, FTD, ALS, MS and/or PPS in future. Your participation
also helps scientific and clinical research and postgraduate researchers undertaking this
research as part of a higher degree.

What are the risks?

There is no risk involved in taking part in this study, as the procedure and devices are
safe and commonly used. In the unlikely event that you show allergic reactions to the
gels, the experiment will stop and we will provide medical advice to treat the reaction.
There may be discomforts for you while taking part in the experiment. The experiment
may be boring, tiring and fatiguing as it includes sitting in a chair for 2 to 2.5 hours. The
conductive gel used to attach the electrodes to your skin may feel cold or warm, cause
wet or mild itching sensation, and will need washing to remove after the experiment.
The removal of medicine tape around the face and eyes may be slightly painful or
uncomfortable for some patients. If at any time you feel that your participation in this
study has become unduly stressful, you are free to discontinue. This will not affect in
any way the quality of care that you receive.
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The experiments may be boring or tiring for some patients as you need to remain in a sitting
position for more than an hour. The experimenter will minimise such discomforts by allowing
limited mobility to the patient between the recording sessions. Please notify a member of the
research team if you are feeling tense, uncomfortable or are unable to relax and they will help
you to establish a more comfortable position. Pillows can be provided to support your posture
and the chair may be adjusted in height/tilt to improve your comfort. If at any time you feel that
your participation in this study has become unduly stressful, you are free to discontinue. This
will not affect in any way the quality of care that you receive. There is no intention to look for
diseases using the recorded data. In case of incidental findings in the EEG recordings that may
be an indirect sign of a previously unknown disease, you will be asked for permission to discuss
the findings with a neurologist, your GP or other appropriate doctors.

| What if something goes wrong when I'm taking part?

If for any reason you feel unwell, please alert a member of the research team and the
study can be halted immediately. If you require medical attention there are nurses on
site at the Wellcome Trust Clinical Research Facility who are on hand to provide any
necessary care/assistance. Any leads/cables connecting the electrodes can be easily
removed by the experimenter. Once these are removed you can stand, leave the room,
go to the bathroom or elsewhere.

If you feel uncomfortable or for any reason wish to pause/stop the session, alert a
member of the research team and we will do so immediately. You do not need to
provide an explanation to the study team.

Who is organising and funding this study?

This research is being conducted by The Academic Unit of Neurology, Trinity College
Dublin. The research is funded by academic grants provided by The Irish Research
Council, Thierry Latran Foundation, The Health Research Board and Science
Foundation Ireland in addition to charities such as Research Motor Neurone and Motor
Neurone Disease Association (UK).

Members of the research team are undertaking postgraduate research at The Academic
Unit of Neurology, including PhD candidates and postdoctoral fellows.

Is the study confidential?

Yes, all the information obtained from participating individuals will be treated in a strictly
confidential manner. Your participation in this study will only be known to restricted
members of the Academic Unit of Neurology, Trinity College Dublin. Some of those
members may provide/have provided medical care to you separate from this study, (such
as Prof. Orla Hardiman), Your participation will not be disclosed to anyone else. We will not
contact your GP to inform them of your participation in this study, unless you request us to
do so.
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All digital personal and clinical information will be stored on a secure password-protected
computer which only the study team can access.

Each individual participant will be assigned a unique numeric (code). This code will be used
instead of your name on all research data.

The link between your name and this code will be maintained in a separate password-

protected encrypted database with access limited to named researchers from the study team.
We need to keep this link to connect information that you have provided in different sessions
of this study and information you have shared with the Academic Unit of Neurology, Trinity
College Dublin.

All paper records, including your consent form, certain task performance measures and your
handedness information will be stored in a limited-access, secure storage space.
In order to ensure that the study has been conducted carefully national or international

agencies (e.g. Department of Health, Irish Research Council, Health Research Board,
American ALS Association, Motor Neurone Disease Association UK etc.) may require access

to the data we collect for this study: you hereby give permission to the investigators to provide
information obtained as a result of your participation in this study (biological signals and task
performance measures) to such bodies. Your name or personal contact details will not be
provided, only coded research data.
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ﬁ Data Protection

This section addresses the protection of your Personal Data. Personal Data means any
information which can identify you.
What Personal Data will be collected?

To help answer the research questions, the study team will collect Personal Data about you
so that they can understand your medical history and your brain activity responses. The
following are examples of Personal Data that may be collected during this session:

« Name
* Date of birth
= ALS, PPS, HD, FTD or MS diagnosis

*  Handedness (using a test called the Edinburgh Handedness Scale)
= Signals from your brain

= Information on what you did during tasks (verbal or button pressing or written
responses)

To help us understand how the signals we measure relate to other aspects of the brain’s

activity or structure, we may also investigate the relationship between the signals we collect
and data you have provided to the Academic Unit of Neurology, Trinity College Dublin

during other research studies the Unit performs. The following are examples of Personal
Data that may be collected from other studies performed by the Academic Unit of
Neurology:

* Neuropsychological test scores

« MRI scans of your brain

» Transcranial Magnetic Stimulation (TMS) data
Your participation in other such studies is voluntary, you do not need to provide this
information to us during this session or participate in these other studies to complete

participation in this study.

If you have a diagnosis of ALS, we may also gather information relating to your diagnosis

from the National ALS Register, to investigate how these signals relate to different
symptoms or subgroups of the disease. The following are examples of Personal Data that
may be collected from the National ALS Register:

= Symptoms you experience

» Genetic risk factors you do/do not have
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Contribution of your data to the National ALS Register is voluntary, you do not need to
provide this information to us during this session or contribute data to the National ALS
Register to complete participation in this study. Such information about your disease will
only be obtained from the National ALS Register upon approval of a justifiable request to a
manager of the ALS register. We will not collect or store unnecessary information about
your disease from the Register, only that which is used to help us better understand the
signals we measure in this study.

How will my Personal Data be used?
If you agree to take part in this study, your Personal Data will be used:

= To determine if you can take part in the study

» To measure how your brain responds during the study and compare this to other
study participants

= To learn more about the disease and to help develop new diagnostic and prognostic
test protocol.

= To provide you with treatment in the event of a study related injury
= To develop new analysis methods to improve the study of neurological diseases.
What is the legal basis under which we are processing your data?

The research team at St James’s Hospital and Trinity College Dublin will only use your
personal data for this research to help us study how neurodegenerative diseases (ALS,
PPS, HD, FTD and MS) affect the brain’s function and how any changes in brain
function relate to different symptoms or subtypes of these diseases.

This may improve our ability to diagnose these diseases or their subtypes, predict how
the disease will progress in different individuals with these diseases, and test new

medications for these diseases.
This is in line with Article 6(1)e and Article 9(2)j of the General Data Protection
Regulation.

We will also request your consent to the use of your Coded Data in continued medical research
projects investigating ALS, HD, FTD, MS and PS and the development of new research methods
that can be used to study these diseases. This is optional.

The results of this study and optional future research may be published in study reports,

scientific presentations and publications. Information that could reasonably identify you will
not be included in such publications. Your results will not be sent to you or your GP,
consultant or other healthcare providers, unless you request us to do so.

How long will your data be stored for?

We will store the coded research data and a separate document which relates your name to

your study code for up to 5 years after the study of brain function in ALS, PPS, HD, FTD and
MS by the Academic Unit of Neurology has been completed.
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After this, the data will be fully anonymised, by destroying the link between your name
and the study code, so that the data can no longer be attributed to/associated with you.
This fully anonymised data may be used for future research and may be provided to
other research teams or made available online to maximise the information learned from
it.

Is there any risks which might arise from processing your data?

There are low risks of your identity being revealed, but we take many measures to keep
the information confidential such as coding the data, storing the data on secure
password protected computers, and ensuring all staff are trained in data protection and
have a duty of confidentiality.

Any future backup/archiving of your data with a third party vendor will be subject to a
binding Agreement in compliance with GDPR.

What rights do you have regarding your data? Under the General Data Protection Regulation
you have the following rights unless it would seriously affect the outcomes of the research
study itself (for example — the right to removal of the data might lead to insufficient
information for performing the analysis required for this research, and as such that right
could be limited.

- Right to access (Article 15): You have a right to request access to your data and

a copy of it.

Right to rectification (Article 16): You have aright to have any inaccurate

information about you corrected or deleted.

Right to erasure (removal of your data) (Article 17): You have a right to have

your personal data deleted.

- Right to restriction of processing (Article 18): You have a right to restrict or object
to processing of your personal data.

- Right to object automated processing (Article 21-22): We will be applying

automated methods on the collected data to sub-categorize patients into groups

that might be used to facilitate more patient-specific future clinical trials. You have

aright to object this.

How can you withdraw from this study?

You have a right to withdraw consent at any time. This can be done before, during or after
the recording session in person by telling a member of the research team or using the
contact details provided at the end of this leaflet.

How can you file a complaint?

If you would like to raise a concern regarding how we have used your personal data, you
may do so by contacting Data Protection Officer in Trinity College Dublin (contact details
are on the first page of this leaflet)

Consent to Future Uses
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Will your personal data be processed further after this study? If so, could your

data leave the EU?

We would like to maximise the amount of information that can be learned from your
data, by utilising it in future research of neurological diseases. Consenting to the future
use of your data beyond this project is optional and will be restricted to use for specific
aims, with GDPR compliant data sharing agreements in place to safeguard your rights.

Such further research is for the purposes of one or more of the following:

1. Improving understanding of neurological disorders

2. Improving the ability to diagnose neurological disorders

3. Improving the prediction of how neurological disorders will progress.

4. Developing new analysis methods, measurements or tools which can be used for
purposes 1-3.

This research may be performed by research groups or commercial entities other than

The Academic Unit of Neurology, Trinity College Dublin, and may be within or outside
the EU/EEA. Commercial entities such as pharmaceutical companies may wish to
investigate the data we collect in order to develop new tools for use in medical practice
or drug testing. Any research/commercial groups will only be provided with coded
information. The key which links your name to this data to make it identifiable will not be
accessible to anyone other than a limited number of individuals within the research
team.

Where can I get further information?

If you have any further questions about the study or if you want to opt out of the study,

you can rest assured it won't affect the quality of treatment you get in the future.
If you need any further information now or at any time in the future, please contact:

Dr Roisin McMackin

Address:

Room 5.43,

Trinity Biomedical Sciences Institute,
152-160 Pearse St.,

Trinity College Dublin,

Dublin 2,

Ireland.

Phone No: +353 1 896 4497
Email: mcmackr@tcd.ie
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Control information leaflet (TCD/SJH)

33 Trinity College Dublin
,{E Pl  Colaiste na Triondide, Baile Atha Cliath
M The University of Dublin

Control Information Leaflet

Study title: Characterising Network Disruption in Human
Neurodegeneration: A Spectral EEG and TMS based Approach —
EEG aspect

First Principal investigator name:
First Principal investigator’s title:

Second Principal investigator name:
Second Principal investigator’s title:

Consultant co-investigator’s name:
Consultant co-investigator’s title:

Data Protection Officer’s Contact Details:

Version 7

Telephone number of First Principal Investigator:

Telephone number of Second Principal Investigator:

Research Study Data Controller’s Identity:

Medical Record Data Controller’s Identity:

Orla Hardiman

Professor, Academic Unit of Neurology,
Trinity College Dublin

Clinical Professor Consultant
Neurologist, Beaumont Hospital, Dublin
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Richard Carson

Professor, Dept. of Psychology, Trinity
College Dublin

35318968448

Colin Doherty
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Neurology Dept., St. James’ Hospital,
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Trinity College Dublin
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You are being invited to take part in a research study to be carried out at The Wellcome
Trust Clinical Research Facility, St. James’ Hospital by The Academic Unit of

Neurology, Trinity College Dublin.

Before you decide whether or not you wish to take part, you should read the information

provided below carefully and, if you wish, discuss it with your family, friends or GP
(doctor). Take time to ask questions — don’t feel rushed and don’t feel under
pressure to make a quick decision.

You should clearly understand the risks and henefits of taking part in this study so that
you can make a decision that is right for you. This process is known as ‘Informed
Consent’.

You don't have to take part in this study. If you decide not to take part it won’t affect your
future medical care.

Why is this study being done?

The purpose of this study is to investigate if brain activity patterns predict how
individuals will be affected by neurodegenerative diseases, including Motor Neurone
Disease (MND) or Amyotrophic Lateral Sclerosis (ALS), Huntington’s Disease (HD),
Multiple Sclerosis (MS), Frontotemporal Dementia (FTD) and post-polio syndrome
(PPS). In this study we look at what parts of the brain are acting unusually with these
diseases to:

1. Study if these patterns relate to how each individual is/will be affected by the
disease in terms of symptoms and severity — If so, they may help to identify
subtypes of these diseases which should be treated differently, and they may
help us test if drugs work in clinical trials.

2. Study if these patterns could be used to objectively identify the presence of the
disease - If so, they may help doctors to test for, and diagnose, these diseases
earlier than is currently possible.

3. Learn more about how these diseases affect the brain and what we should try to
target when developing new potential therapies.

We will measure brain activity using a procedure called Electroencephalography (EEG).
This is described under ‘What will happen to me if I agree to take part?’

Why am I being asked to take part?

You have been invited to take part in this study because you are over the age of 18 years
and have requested to be provided with information about volunteering as a “healthy control”
subject in research of those with/those who are genetic relatives of, someone with ALS, MS,
FTD, HD or PPS.

We will be recruiting 90 participants per disease diagnosis group (ALS, MS, FTD, HD, PPS),
120 first-degree relatives of those with ALS, MS, FTD or HD and 90 participants without these
conditions as controls.

Who should NOT attend the study (exclusion criteria)?

If any of the following apply to you, you will not be able to participate in this study:
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1. Psychiatric disease (for example, clinically diagnosed major depressive disorder,
anxiety disorders, bipolar disorder, schizophrenia)

2. Betidmaty medications (e.g. antidepressants, antipsychotics,
medication), illicit drugs or other medications which modulate the central nervous
system (e.g. anti-seizure medication)

3. Medical condition that affect the nervous system (e.g. diabetes, seizure disorders) or
muscular system, other than HD, ALS, MS, FTD or PPS

4. Previous (allergic) reactions in similar recording environments, e.g. to recording gels

5. Pregnant or breastfeeding women.

6. Consumed alcohol on the previous evening, slept abnormally poorly or eaten very little

in the previous 6 hours should not participate as it may affect performance.

The research team will ask if any of these apply to you prior to your recruitment to this study.
Please answer as accurately as possible. If you are unsure if any of these criteria
apply to you, the research team can answer your query.

What will happen to me if I agree to take part?

You will be asked to attend the Clinical Research Facility in St James’s Hospital for a
recording session. Each session will last approximately 2.5 hours. You may withdraw from
the study at any time, including before, during and between sessions. We will ask you to
attend up to 5 sessions at 4 month intervals, to monitor changes in the brain over time.
However participation in all 5 sessions is not required to contribute to this study.

When you arrive, a member of the research team will bring you through this information leaflet

including what you will be asked to do and what you will experience and you will be offered
the chance to ask any questions or address any concerns you may have before agreeing to
participate.

If you agree to participate, we will first ask you to sign a consent form. We will also ask you

10 questions to help us determine your “handedness” (i.e. whether your left or right hand is
dominant). We will also ask you to tell us of any medications you are currently taking or if you
have/have had any serious medical problems, so we can maximise your care should you
require medical attention for any reason. This information will be destroyed at the end of
the session.

In each EEG recording session, we will place a cap on your head. Electrodes will be placed

into holes in the cap over your scalp to record the activity of your brain. 8 electrodes will be
placed around the ears and eyes to record background activity. We will place some
conductive gel between the electrodes and your skin. We will then do the recording while you
are at rest, watching a movie or carrying out a mental test. This is called
electroencephalography (EEG). The experimenter will tell you the details and instructions

of the tasks in advance. Please let a member of the research team know if you have any
questions or are uncertain about how to act or perform during these tasks, to ensure

they are completed correctly.
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You may need to wash your head after the experiment to remove the conductive gels.
Showering facilities are available on site. You may also use a towel to wipe away the gel
and subsequently wash it completely away after you leave if you prefer to do so. These
techniques are non-invasive, i.e. there are no needles involved and all electrodes are
placed on the surface of the skin. You may feel bored, stiff or restless from sitting in a
chair for 2-2.5 hours. You may move while seated in the chair between recording
sessions, however due to the number of cables which connect the electrodes to the
recording device, we will ask you to stay seated for the duration of the session once we
begin applying the equipment. If you wish to withdraw from the study at any time this
equipment can be quickly removed by a member of the research team so that you can
leave the chair. Your responsibilities as a participant: If you agree to take part in this
study, we request that you cooperate to the best of your ability. We also request that you
answer the prescreening questions before attending and on the day of the session, as you
believe to be accurate, to ensure we are aware of any potential biological factors which
may affect your results. Our responsibilities to you as investigators: Alleviating any
discomfort is important to us during this recording, both to ensure your own comfort is
maximised and to improve the quality of the data we collect, which is best when the
muscles are relaxed. Therefore please alert one of the research team during the session if
at any time you feel uncomfortable or tense, if you wish to change

Pt idita ivvith b e inadi rfaiiyeolimvasia ity aqmitiolertbadupponeyoTharimfembatikn that you provide
will be stored in a way that it cannot be accessed except by the study team.

| What are the benefits?

There is no direct benefit to you for taking part in this study. Your participation may,
however, benefit those with HD, FTD, ALS, MS and/or PPS in future. Your participation
also helps scientific and clinical research and postgraduate researchers undertaking this
research as part of a higher degree.

’; What are the rESkS?

There is no risk involved in taking part in this study, as the procedure and devices are
safe and commonly used. In the unlikely event that you show allergic reactions to the
gels, the experiment will stop and we will provide medical advice to treat the reaction.
There may be discomforts for you while taking part in the experiment. The experiment
may be boring, tiring and fatiguing as it includes sitting in a chair for 2 to 2.5 hours. The
conductive gel used to attach the electrodes to your skin may feel cold or warm, cause
wet or mild itching sensation, and will need washing to remove after the experiment.
The removal of medicine tape around the face and eyes may be slightly painful or
uncomfortable for some patients. If at any time you feel that your participation in this
study has become unduly stressful, you are free to discontinue. This will not affect in
any way the quality of care that you receive.
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The experiments may be boring or tiring for some patients as you need to remain in a sitting
position for more than an hour. The experimenter will minimise such discomforts by allowing
limited mobility to the patient between the recording sessions. Please notify a member of the
research team if you are feeling tense, uncomfortable or are unable to relax and they will help
you to establish a more comfortable position. Pillows can be provided to support your posture
and the chair may be adjusted in height/tilt to improve your comfort. If at any time you feel that
your participation in this study has become unduly stressful, you are free to discontinue. This
will not affect in any way the quality of care that you receive. There is no intention to look for
diseases using the recorded data. In case of incidental findings in the EEG recordings that may
be an indirect sign of a previously unknown disease, you will be asked for permission to discuss
the findings with a neurologist, your GP or other appropriate doctors.

What if something goes wrong when I'm taking part?

If for any reason you feel unwell, please alert a member of the research team and the
study can be halted immediately. If you require medical attention there are nurses on
site at the Wellcome Trust Clinical Research Facility who are on hand to provide any
necessary care/assistance. Any leads/cables connecting the electrodes can be easily
removed by the experimenter. Once these are removed you can stand, leave the room,
go to the bathroom or elsewhere.

If you feel uncomfortable or for any reason wish to pause/stop the session, alert a
member of the research team and we will do so immediately. You do not need to
provide an explanation to the study team.

Who is organising and funding this study?

This research is being conducted by The Academic Unit of Neurology, Trinity College
Dublin. The research is funded by academic grants provided by The Irish Research
Council, Thierry Latran Foundation, The Health Research Board and Science
Foundation Ireland in addition to charities such as Research Motor Neurone and Motor
Neurone Disease Association (UK).

Members of the research team are undertaking postgraduate research at The Academic
Unit of Neurology, including PhD candidates and postdoctoral fellows.

Is the study confidential?

Yes, all the information obtained from participating individuals will be treated in a strictly
confidential manner. Your participation in this study will only be known to restricted
members of the Academic Unit of Neurology, Trinity College Dublin. Some of those
members may provide/have provided medical care to you separate from this study, (such
as Prof. Orla Hardiman), Your participation will not be disclosed to anyone else. We will not
contact your GP to inform them of your participation in this study, unless you request us to
do so.
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All digital personal and clinical information will be stored on a secure password-protected
computer which only the study team can access.

Each individual participant will be assigned a unique numeric (code). This code will be used
instead of your name on all research data.

The link between your name and this code will be maintained in a separate password-

protected encrypted database with access limited to named researchers from the study team.
We need to keep this link to connect information that you have provided in different sessions
of this study and information you have shared with the Academic Unit of Neurology, Trinity
College Dublin.

All paper records, including your consent form, certain task performance measures and your
handedness information will be stored in a limited-access, secure storage space.
In order to ensure that the study has been conducted carefully national or international

agencies (e.g. Department of Health, Irish Research Council, Health Research Board,
American ALS Association, Motor Neurone Disease Association UK etc.) may require access

to the data we collect for this study: you hereby give permission to the investigators to provide
information obtained as a result of your participation in this study (biological signals and task
performance measures) to such bodies. Your name or personal contact details will not be
provided, only coded research data.
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— Data Protection

This section addresses the protection of your Personal Data. Personal Data means any
information which can identify you.
What Personal Data will be collected?

To help answer the research questions, the study team will collect Personal Data about you
so that they can understand your medical history and your brain activity responses. The
following are examples of Personal Data that may be collected during this session:

» Name

* Date of birth

» Lack of ALS, PPS, HD, FTD or MS diagnosis

*  Handedness (using a test called the Edinburgh Handedness Scale)
= Signals from your brain

= Information on what you did during tasks (verbal or button pressing or written
responses)

To help us understand how the signals we measure relate to other aspects of the brain’s

activity or structure, we may also investigate the relationship between the signals we collect
and data you have provided to the Academic Unit of Neurology, Trinity College Dublin
during other research studies the Unit performs. The following are examples of Personal
Data that may be collected from other studies performed by the Academic Unit of
Neurology:

* Neuropsychological test scores

« MRI scans of your brain

» Transcranial Magnetic Stimulation (TMS) data
Your participation in other such studies is voluntary, you do not need to provide this
information to us during this session or participate in these other studies to complete

participation in this study.

How will my Personal Data be used?
If you agree to take part in this study, your Personal Data will be used:

«» To determine if you can take part in the study

= To measure how your brain responds during the study and compare this to other
study participants
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* Tolearn more about the disease and to help develop new diagnostic and prognostic
test protocol.

. To provide you with treatment in the event of a study related injury

To develop new analysis methods to improve the study of neurological diseases.

What is the legal basis under which we are processing your data?

The research team at St James’s Hospital and Trinity College Dublin will only use your
personal data for this research to help us study how neurodegenerative diseases (ALS,
PPS, HD, FTD and MS) affect the brain’s function and how any changes in brain
function relate to different symptoms or subtypes of these diseases.

This may improve our ability to diagnose these diseases or their subtypes, predict how
the disease will progress in different individuals with these diseases, and test new

medications for these diseases.
This is in line with Article 6(1)e and Article 9(2)j of the General Data Protection
Regulation.

We will also request your consent to the use of your Coded Data in continued medical research
projects investigating ALS, HD, FTD, MS and PS and the development of new research methods
that can be used to study these diseases. This is optional. The results of this study and optional
future research may be published in study reports, scientific presentations and publications.
Information that could reasonably identify you will not be included in such publications. Your
results will not be sent to you or your GP, consultant or other healthcare providers, unless you
request us to do so.

How long will your data be stored for? We will store the coded research data and a separate
document which relates your name to your study code for up to 5 years after the study of brain
function in ALS, PPS, HD, FTD and MS by the Academic Unit of Neurology has been completed.

After this, the data will be fully anonymised, by destroying the link between your name
and the study code, so that the data can no longer be attributed to/associated with you.
This fully anonymised data may be used for future research and may be provided to
other research teams or made available online to maximise the information learned from
it.

Is there any risks which might arise from processing your data?

There are low risks of your identity being revealed, but we take many measures to keep
the information confidential such as coding the data, storing the data on secure
password protected computers, and ensuring all staff are trained in data protection and
have a duty of confidentiality.

Any future backup/archiving of your data with a third party vendor will be subject to a
binding Agreement in compliance with GDPR.
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What rights do you have regarding your data?

Under the General Data Protection Regulation you have the following rights unless it
would seriously affect the outcomes of the research study itself (for example - the right
to removal of the data might lead to insufficient information for performing the analysis
required for this research, and as such that right could be limited.

- Right to access (Article 15): You have a right to request access to your data and

a copy of it.

Right to rectification (Article 16): You have a right to have any inaccurate

information about you corrected or deleted.

Right to erasure (removal of your data) (Article 17): You have a right to have

your personal data deleted.

- Right to restriction of processing (Article 18): You have a right to restrict or object
to processing of your personal data.

- Right to object automated processing (Article 21-22): We will be applying

automated methods on the collected data to sub-categorize patients into groups

that might be used to facilitate more patient-specific future clinical trials. You have

aright to object this.

How can you withdraw from this study?

You have a right to withdraw consent at any time. This can be done before, during or after
the recording session in person by telling a member of the research team or using the
contact details provided at the end of this leaflet.

How can you file a complaint?

If you would like to raise a concern regarding how we have used your personal data, you
may do so by contacting Data Protection Officer in Trinity College Dublin (contact details
are on the first page of this leaflet)

Consent to Future Uses

Will your personal data be processed further after this study? If so, could your

data leave the EU? . .

We would like to maximise the amount of information that can be learned from your
data, by utilising it in future research of neurological diseases. Consenting to the future
use of your data beyond this project is optional and will be restricted to use for specific
aims, with GDPR compliant data sharing agreements in place to safeguard your rights.
Such further research is for the purposes of one or more of the following:

1. Improving understanding of neurological disorders

2. Improving the ability to diagnose neurological disorders

3. Improving the prediction of how neurological disorders will progress.

4. Developing new analysis methods, measurements or tools which can be used for
purposes 1-3.

This research may be performed by research groups or commercial entities other than
The Academic Unit of Neurology, Trinity College Dublin, and may be within or outside
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the EU/EEA. Commercial entities such as pharmaceutical companies may wish to
investigate the data we collect in order to develop new tools for use in medical practice
or drug testing. Any research/commercial groups will only be provided with coded
information. The key which links your name to this data to make it identifiable will not be
accessible to anyone other than a limited number of individuals within the research
team.

Where can I get further information?

If you have any further questions about the study or if you want to opt out of the study,

you can rest assured it won't affect the quality of treatment you get in the future.
If you need any further information now or at any time in the future, please contact:

Dr Roisin McMackin

Address:

Room 5.43,

Trinity Biomedical Sciences Institute,
152-160 Pearse St.,

Trinity College Dublin,

Dublin 2,

Treland.

Phone No: +353 1 896 4497
Email: mcmackr@tcd.ie
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Patient information leaflet (BH)

Patient Information Leaflet

Study title: A Multidisciplinary Study of Cognition in Multiple Sclerosis

Principal investigator's name: Prof. Orla Hardiman

Principal investigator's title: Consultant Neurologist
Telephone number of principal investigator: 01 896-4497

Data Controller's/joint Controller's Identity: Beaumont Hospital (Prof. Orla Hardiman)
Data Controller’s/joint Controller’s Contact Details: 01 896-4497

Data Protection Officer’s Identity: Mr. Mark Graham

Data Protection Officer’s Contact Details: dpo@beaumont.ie

You are being invited to take part in a research study to be carried out at Beaumont Hospital,

under the supervision of Prof. Orla Hardiman, Principal Investigator and Consultant Neurologist.
Before you decide whether or not you wish to take part, you should read the information
provided below carefully and, if you wish, discuss it with your family, friends or GP (doctor).
Take time to ask questions — do not feel rushed and do not feel under pressure to make a quick
decision.

You should clearly understand the risks and benefits of taking part in this study so that you can
make a decision that is right for you. This process is known as ‘Informed Consent’.

You don't have to take part in this study. If you decide not to take part it will not affect your
future medical care.

You can change your mind about taking part in the study any time you like. Even if the study

has started, you can still opt out. You do not have to give us a reason. If you do opt out, rest
assured it will not affect the quality of treatment you receive in the future.
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[ Why is this study being done? \

Changes in cognition (thinking and memaory) are common in people with multiple sclerosis (MS)

and can interfere with daily functioning and quality of life. However, these changes remain
poorly understood. There is also a need for better and more reliable measurements of cognitive
processing in people with MS. Because of this, it is difficult to design treatments that can
improve cognitive performance in those affected.

This study aims to improve our understanding of the cognitive changes in MS to better
understand the needs of patients.

| Who is organising and funding this study? \

This research is being conducted by Prof. Orla Hardiman, Consultant Neurologist in Beaumont
Hospital, along with Prof. Niall Pender from Beaumont Hospital, Prof. Christopher McGuigan
from St Vincent’s Hospital and Dr. Siobhan Hutchinsan from St. James’s Hospital. This research
is funded by Merck Pharmaceuticals and Science Foundation Ireland.

| Why am I being asked to take part? ‘

We are asking individuals 18 years or older with a diagnosis of MS to take part in this study.

| How will the study be carried out? l

If you agree to take part in the study, we will invite you to meet a researcher to complete a
cognitive screening test to assess your thinking. We might also ask you to complete additional
neuropsychological tests that assess your thinking in more detail, and/or take part in EEG
recording sessions which will take place in St. James’s Hospital.

| What will happen to me if T agree to take part? \

If you agree to take part in this study, we will firstly explain the study in greater detail and, if

you are willing to participate, you will be invited to sign the consent form. By consenting to take
part in this research, you are providing permission for the clinical research team to access your
Hospital medical records.

This study involves completing a brief cognitive screening test which will assess your thinking.

You will meet with a member of the research team who will complete this paper and pencil test
with you.

You may also be invited to complete additional cognitive tests that will assess your thinking in

greater detail. These paper and pencil tests will take approximately 2 hours to complete and
you will able to take breaks whenever you would like to. We will arrange a suitable
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appointment time to undergo these tests and will do our best to facilitate you with a suitable
time and place.

As part of this study, you may also be invited to take part in EEG recording sessions. Each
recording session lasts approximately 2 and a half hours and will be carried out at St. James‘s
Hospital — Clinical Research Facility. In each EEG recording session, we will place a cap on your
head. Electrodes will be placed into holes in the cap over your scalp to record the activity of
your brain. 8 electrodes will be placed around the ears and eyes to record background activity.
We will place some conductive gel between the electrodes and your skin. We will then do the
recording while you are at rest, watching a movie or carrying out a mental test. The
experimenter will tell you the details of the instructions in advance. You may need to wash your
head after the experiment to remove the conductive gels. Showering facilities are available on
site. There is no drug, intervention or stimulation involved in this study.

We would like to repeat these tests 3 times at 4-6 month intervals to gain a better
understanding of MS as the disease changes over time. However, you are free to withdraw
from the study at any stage or reduce your involvement, without reason, and this will not affect
your medical care.

[ What other treatments are available to me?

The proposed study does not involve any change to your existing treatment plan. You may
decide to withdraw consent from the study at any time without giving a reason and your future
treatment will not be affected.

| What happens if I do not agree to take part?

There is no consequence to you or your medical treatment if you do not agree to participate.
Your decision to participate is entirely up to you. This study does not involve any treatment and
your decision to take part or not will not impact your health condition, disease progression or
your previous, current or future treatments. You may decide to withdraw consent from the
study at any time without justifying your decision and your future treatment and care will not
be affected.

| Video/and or Audio recordings?

Assessments will not be video or audio recorded for this research study.

[ What are the benefits?

While there is no direct and immediate benefit to you in participating, this study is hoping to
benefit people with MS by increasing our understanding of the cognitive changes that take
place over the course of the disease.

What are the risks?
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There are minimal risks anticipated from taking part in this research study, as the procedure
and devices are safe and commonly used. If you do become fatigued while completing the
cognitive tests and questionnaires you will be offered to take refreshment breaks at any time.
In terms of the EEG recordings, in the unlikely event that you show allergic reactions to the gels,
the experiment will stop and we will provide medical advice to treat the reaction. However,
there may be discomforts for you during the recordings. You may find the recordings to be
boring, tiring and fatiguing as it includes sitting in a chair for 1-2 hours. The conductive gel used
to attach the electrodes to your skin may feel cold or warm, cause wet and mild itching
sensation, and will need washing to remove after the experiment. The removal of medicine
tapes around the face and eyes may be slightly painful or uncomfortable for some patients. If at
any time you feel that your participation in this study has become unduly stressful, you are free
to discontinue. This will not affect in any way the quality of care that you receive.

There is no intention to look for diseases using the recorded data. In the unlikely case of
incidental findings in the EEG recordings that may be an indirect sign of a previously unknown

disease, you will be asked for permission to discuss the findings with a neurologist, your GP or
other appropriate doctor.

Participants are also free to not participate or to withdraw from the study at any time if they

choose to do so without giving a reason and without risking loss of present or future care you
would otherwise expect to receive.

| What if something goes wrong when I'm taking part in this study? l

We do not anticipate anything will go wrong. However, if you begin to feel distressed or unwell
during the study and feel you would like to discontinue your participation, you are free to do so
at any time without any penalty and without giving a reason. If you have any other concerns
you would like to raise, either during or after the study, participants will also be provided with
contact details of the Principal Investigator Prof. Orla Hardiman, Consultant Neurologist.

[ Will it cost me anything to take part? \

We will reimburse you for any reasonable and vouched travel expenses up to a value of €50.
There will be no other costs associated with your participation in this study.

| Is the study confidential?

Allinformation which is collected about you during the course of the research will be kept
strictly confidential.

During testing, your data will be “coded” by the researcher, meaning that you will be allocated
a unique identification code which will be used in place of your name on our testing materials
and computer databases. The ‘key’ that matches your name and unique identification code will
be retained by the Research Manager (Mr. Mark Heverin, Academic Unit of Neurology), on
behalf of the Principal Investigator, and will be stored on a password-protected, encrypted
database in the Academic Unit of Neurology, Trinity College Dublin.
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Paper files will be securely transported from the site of testing and will be stored in a locked

cabinet in a dedicated office in the Academic Unit of Neurology, Trinity College Dublin. A log
book will be retained by the Data Manager and those accessing the data will be required to sign
to access the files. Electronic data will be securely transported from the site of testing and will
be encrypted, password protected and held on a dedicated computer in a locked office in the
Academic Unit of Neurology, Trinity College Dublin. Only staff members with login credentials
will be able to access the computer. The login credentials will change every 6 months, and
those accessing the computer will be tracked.

By consenting to take part in this study, you are also providing permission for the members of

this research team to access your Hospital medical records to obtain information relevant to
your history of MS for the purposes of the study. Only members of the research team working
directly on the project and approved by Prof. Orla Hardiman will have access to this data.

Your GP will not receive any of the details of the information that you provide unless you
request that it be sent to him/her.

You will not be given direct feedback on the results of your individual assessments. Any

participant who wishes to find out about the results of the study will be provided with a report
on the publication of results. If participants express concern as to their cognitive functioning,
contact details for the Principal Investigator, Prof. Orla Hardiman, will be provided. There is no
intention to look for diseases using the recorded data. In the unlikely case of incidental findings
in the EEG recordings that may be an indirect sign of a previously unknown disease, you will be
asked for permission to discuss the findings with a neurologist, your GP or other appropriate
doctor. Results of this study will be communicated to other scientists through peer-reviewed
academic journals and conference presentations. In all cases, data will be anonymous and your
name and personal details will not be included.

Information gathered from this study will be stored for 10 years to allow us to perform
additional analyses with other scientists interested in understanding and finding treatments for
thinking problems in MS. If you agree, we will also use information we have gathered from this
study to in future studies with scientists interested in Multiple Sclerosis, subject to appropriate
future approval by the relevant Research Ethics committees.

Dat_;”F’r.o.tection

1. We will be using your personal information in our research study to help us understand
cognitive changes in MS.

2. We will be processing your data for legitimate interest and for scientific research
purposes under Article 6 and 9 of the General Data Protection Regulation 2016.

3. Only members of the research team, under the approval and supervision of Prof. Orla
Hardiman, Principal Investigator will have access to research participants’ information.
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4. Hard-copy data will be retained for a period of time after the study has completed to

comply with publishing guidelines. The length of time is dependent on the specific
journal in which the data is published, but will likely be 10 years. Electronic data will be
retained in Trinity College Dublin.

5. As your hard-copy data will be coded at the time of testing we do not envisage any
situation where a data breach could cause harm. The data contained on any computers
will also be coded and the key to link your name with the number will be kept separate.
In the unlikely event of a data breach, it will only be possible for someone to see your
raw test scores which will not be meaningful to an untrained third party.

6. You have a right to withdraw your consent at any stage during the research study

without giving a reason and without penalty. You can inform any member of the
research team of your decision to withdraw at any time and they will accommodate your
request.

7. You have the right to lodge a complaint about the research study with the Data
Protection Commissioner.

8. You have a right to request access to your data and a copy of it, unless your request
would make it impossible or make it very difficult to conduct the research.

9. You have a right to restrict or object to processing, unless your request would make it
impossible or make it very difficult to conduct the research.

10. You have a right to have any inaccurate information about you corrected or deleted,

unless your request would make it impossible or make it very difficult to conduct the
research.

11. You have a right to have your personal data deleted, unless your request would make it
impossible or make it very difficult to conduct the research

12. You have a right to data portability, meaning they you have the right to move your data
from one controller to another in a readable format.

13. There will be no automated decision making or profiling using your data.

14. If automated decision making or profiling were to occur, you have the right to object to
this if you wish.

15. You will be informed if we intend to further process your personal data and you will be
provided with information on that other purpose.

16. You will be informed if we wish to transfer your data to a country outside of the EU or an

international organisation and will be advised on the safeguards you have in place to
protect your data. We do not foresee any situation where we will be transferring data
outside the EU.
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| Consent to Further Contact

In addition to seeking consent for your data to be used for the purposes of the current research
study, we are also seeking your permission to contact you about possible future research
related and unrelated to the current study for which you may be eligible.

| Consent to Future Uses

If you choose to take part, we are also seeking your permission for your data to be used in
future research projects, either related or unrelated to the current study. This would involve
giving permission for these research projects, as yet unknown, to use your data in an
anonymised format without future consent being required. The use of this data in future
research projects is subject to appropriate future approval by the relevant Research Ethics
committees.

| Where can I get further information?

If you have any questions about the study now, or in the future, please contact the Principal
Investigator, Prof. Orla Hardiman via the Research Manager Mr. Mark Heverin.

Name: Mr. Mark Heverin

Position: Research Manager

Address: Academic Unit of Neurology, Trinity Biomedical Sciences Institute, Trinity College
Dublin

Email: mark.heverin@tcd.ie

Phone: +353 1896 4376
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Control information leaflet (BH)

Healthy Control Information Leaflet

Study title: A Multidisciplinary Study of Cognition in Multiple Sclerosis

Principal investigator's name: Prof. Orla Hardiman

Principal investigator’s title: Consultant Neurologist
Telephone number of principal investigator: 01 896-4497

Data Controller’s/joint Controller's Identity: Beaumont Hospital (Prof. Qrla Hardiman)
Data Controller’s/joint Controller's Contact Details: 01 896-4497

Data Protection Officer’s Identity: Mr. Mark Graham

Data Protection Officer’s Contact Details: dpo@beaumont.ie

You are being invited to take part in a research study to be carried out at Beaumont Hospital
under the supervision of Prof. Orla Hardiman, Principal Investigator and Consultant
Neurologist. Before you decide whether or not you wish to take part, you should read the
information provided below carefully and, if you wish, discuss it with your family, friends or
GP (doctor). Take time to ask questions — do not feel rushed and do not feel under pressure
to make a quick decision.

You should clearly understand the risks and benefits of taking part in this study so that you
can make a decision that is right for you. This process is known as ‘Informed Consent’.

You don't have to take part in this study. If you decide not to take part it will not affect your
future medical care.

You can change your mind about taking part in the study any time you like. Even if the study

has started, you can still opt out. You do not have to give us a reason. If you do opt out,
rest assured it will not affect the quality of treatment you receive in the future.
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] Why is this study being done? \

You are being asked to participate in this research study on multiple sclerosis (MS), although
you are not affected by MS.

Changes in cognition (thinking and memory) are common in people with multiple sclerosis

(MS) and can interfere with daily functioning and quality of life. However, these changes
remain poorly understood. There is also a need for better and more reliable measurements
of cognitive processing in people with MS. Because of this, it is difficult to design treatments
that can improve cognitive performance in those affected.

This study aims to improve our understanding of the cognitive changes in MS in order to
better understand the needs of patients.

Who is orgghising and funding this study? ‘

This research is being conducted by Prof. Orla Hardiman, Consultant Neurologist in Beaumont
Hospital, along with Prof. Niall Pender from Beaumont Hospital, Prof. Christopher McGuigan
from St Vincent’s Hospital and Dr. Siobhan Hutchinson from St. James’s Hospital. This
research is funded by Merck Pharmaceuticals and Science Foundation Ireland.

] Why am I being asked to take part? \

We are asking you to participate in this study because you are a healthy individual who does
not have a diagnosis of MS. This research focuses on the effects of MS on cognition over
time, and we need to recruit healthy participants to measure thinking over time in
unaffected people.

How will the study be carried out?

If you agree to take part in the study, we will invite you to meet a researcher to complete a
cognitive screening test to assess your thinking. We might also ask you to complete
additional neuropsychological tests that assess your thinking in more detail, and/or take
part in EEG recording sessions which will take place in St. James’s Hospital.

| What will happen to me if I agree to take part? \

If you agree to take part in this study, we will firstly explain the study in greater detail and, if

you are willing to participate, you will be invited to sign the consent form. By consenting to
take part in this research, you are providing permission for the clinical research team to
access your Hospital medical records.
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This study involves completing a brief cognitive screening test which will assess your
thinking. You will meet with a member of the research team who will complete this paper
and pencil test with you.

You may also be invited to complete additional cognitive tests that will assess your thinking

in greater detail. These paper and pencil tests will take approximately 2 hours to complete
and you will able to take breaks whenever you would like to. We will arrange a suitable
appointment time to undergo these tests and will do our best to facilitate you with a
suitable time and place.

As part of this study, you may also be invited to take part in EEG recording sessions. Each

recording session lasts approximately 2 and a half hours and will be carried out at St.
James's Hospital - Clinical Research Facility. In each EEG recording session, we will place a
cap on your head. Electrodes will be placed into holes in the cap over your scalp to record
the activity of your brain. 8 electrodes will be placed around the ears and eyes to record
background activity. We will place some conductive gel between the electrodes and your
skin. We will then do the recording while you are at rest, watching a movie or carrying out a
mental test. The experimenter will tell you the details of the instructions in advance. You
may need to wash your head after the experiment to remove the conductive gels.
Showering facilities are available on site. There is no drug, intervention or stimulation
involved in this study.

We would like to repeat these tests 3 times at 4-6 month intervals to gain a better
understanding of MS as the disease changes over time. However, you are free to withdraw
from the study at any stage or reduce your involvement, without reason, and this will not
affect your medical care.

| What happens if I do not agree to take part? |

Your decision to participate is entirely up to you. Participants are free to not participate in

the study without giving a reason and without risking loss of present or future care you
would otherwise expect to receive.

Video/and or Audio recordings? |

Assessments will not be video or audio recorded for this research study.

| What are the benefits? |

While there is no direct and immediate benefit to you in participating, this study is hoping to
benefit patients with MS by increasing our understanding of the cognitive changes that take
place over the course of MS and thus identify their needs.

| What are the risks? |
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There are minimal risks anticipated from taking part in this research study, as the procedure
and devices are safe and commonly used. If you do become fatigued while completing the
neuropsychological tests and questionnaires you will be offered to take refreshment breaks
at any time. In terms of the EEG recordings, in the unlikely event that you show allergic
reactions to the gels, the experiment will stop and we will provide medical advice to treat
the reaction. However, there may be discomforts for you during the recordings. You may
find the recordings to be boring, tiring and fatiguing as it includes sitting in a chair for 1-2
hours. The conductive gel used to attach the electrodes to your skin may feel cold or warm,
cause wet and mild itching sensation, and will need washing to remove after the
experiment. The removal of medicine tapes around the face and eyes may be slightly painful
or uncomfortable for some patients. If at any time you feel that your participation in this
study has become unduly stressful, you are free to discontinue. This will not affect in any
way the quality of care that you receive.

There is no intention to look for diseases using the recorded data. In the unlikely case of
incidental findings in the EEG recordings that may be an indirect sign of a previously
unknown disease, you will be asked for permission to discuss the findings with a neurologist,
your GP or other appropriate doctor.

Participants are also free to not participate or to withdraw from the study at any time if they
choose to do so without giving a reason and without risking loss of present or future care
you would otherwise expect to receive.

] What if something goes wrong when I'm taking part in this study?

We do not anticipate anything will go wrong. However, if you begin to feel distressed or
unwell during the study and feel you would like to discontinue your participation, you are
free to do so at any time without any penalty and without giving a reason. If you have any
other concerns you would like to raise, either during or after the study, participants will also
be provided with contact details of the Principal Investigator, Prof. Orla Hardiman,
Consultant Neurologist.

] Will it cost me anything to take part?

We will reimburse you for any reasonable and vouched travel expenses, usually up to a
value of €50. There will be no other costs associated with your participation in this study.

| Is the study confidential?

Allinformation which is collected about you during the course of the research will be kept
strictly confidential.

During testing, your data will be “coded” by the researcher, meaning that you will be
allocated a unique identification code which will be used in place of your name on our
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testing materials and computer databases. The ‘key’ that matches your name and unique
identification code will be retained by the Research Manager (Mr. Mark Heverin, Academic
Unit of Neurology), on behalf of the Principal Investigator, and will be stored on a password-
protected, encrypted database in the Academic Unit of Neurology, Trinity College Dublin.

Paper files will be securely transported from the site of testing and will be stored in a locked

cabinet in a dedicated office in the Academic Unit of Neurology, Trinity College Dublin. A log
book will be retained by the Data Manager and those accessing the data will be required to
sign to access the files. Electronic data will be securely transported from the site of testing
and will be encrypted, password protected and held on a dedicated computer in a locked
office in the Academic Unit of Neurology, Trinity College Dublin. Only staff members with
login credentials will be able to access the computer. The login credentials will change every
6 months, and those accessing the computer will be tracked.

Your GP will not receive any of the details of the information that you provide unless you
request that it be sent to him/her.

You will not be given direct feedback on the results of your individual assessments. Any

participant who wishes to find out about the results of the study will be provided with a
report on the publication of results. If participants express concern as to their cognitive
functioning, contact details for the Principal Investigator, Prof. Orla Hardiman, will be
provided. There is no intention to look for diseases using the recorded data. In the unlikely
case of incidental findings in the EEG recordings that may be an indirect sign of a previously
unknown disease, you will be asked for permission to discuss the findings with a neurologist,
your GP or other appropriate doctor. Results of this study will be communicated to other
scientists through peer-reviewed academic journals and conference presentations. In all
cases, data will be anonymous and your name and personal details will not be included.

Information gathered from this study will be stored for 10 years to allow us to perform
additional analyses with other scientists interested in understanding and finding treatments
for thinking problems in MS. If you agree, we will also use information we have gathered
from this study to in future studies with scientists interested in Multiple Sclerosis, subject to
appropriate future approval by the relevant Research Ethics committees.

| Data Protection |

1. We will be using your personal information in our research study to help us
understand changes in thinking in MS.

2. We will be processing your data for legitimate interest and for scientific research
purposes under Article 6 and 9 of the General Data Protection Regulation 2016.

3. Only members of the research team, under the approval and supervision of Prof. Orla

Hardiman, Principal Investigator will have access to research participants’
information.
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4. Hard-copy data will be retained for a period of time after the study has completed to

comply with publishing guidelines. The length of time is dependent of the specific
journal in which the data is published, but will likely be 10 years. Electronic data will
be retained in Trinity College Dublin.

5. As your hard-copy data will be coded at the time of testing we do not envisage any

situation where a data breach could cause harm. The data contained on any
computers will also be coded and the key to link your name with the number will be
kept separate. In the unlikely event of a data breach, it will only be possible for
someone to see your raw test scores which will not be meaningful to an untrained
third party.

6. You have a right to withdraw your consent at any stage during the research study

without giving a reason and without penalty. You can inform any member of the
research team of your decision to withdraw at any time and they will accommodate
your request.

7. You have the right to lodge a complaint about the research study with the Data
Protection Commissioner.

8. You have a right to request access to your data and a copy of it, unless your request
would make it impossible or make it very difficult to conduct the research.

9. You have a right to restrict or object to processing, unless your request would make it
impossible or make it very difficult to conduct the research.

10. You have a right to have any inaccurate information about you corrected or deleted,

unless your request would make it impossible or make it very difficult to conduct the
research.

11. You have a right to have your personal data deleted, unless your request would make
itimpossible or make it very difficult to conduct the research

12. You have aright to data portability, meaning they you have the right to move your
data from one controller to another in a readable format.

13. There will be no automated decision making or profiling using your data.

14. If automated decision making or profiling were to occur, you have the right to object
to this if you wish.

15. You will be informed if we intend to further process your personal data and you will
be provided with information on that other purpose.

16. You will be informed if we wish to transfer your data to a country outside of the EU or
an international organisation and will be advised on the safeguards you have in place
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to protect your data. We do not foresee any situation where we will be transferring
data outside the EU.

[ Consent to Further Contact |

In addition to seeking consent for your data to be used for the purposes of the current
research study, we are also seeking your permission to contact you about possible future
research related and unrelated to the current study for which you may be eligible.

Consent to Future Uses

If you choose to take part, we are also seeking your permission for your data to be used in
future research projects, either related or unrelated to the current study. This would involve
giving permission for these research projects, as yet unknown, to use your data in a coded
or anonymised format without future consent being required. The use of this data in future
research projects is subject to appropriate future approval by the relevant Research Ethics
committees.

| Where can I get further information? |

If you have any questions about the study now, or in the future, please contact the Principal
Investigator, Prof. Orla Hardiman via the Research Manager Mr. Mark Heverin.

Name: Mr. Mark Heverin

Position: Research Manager

Address: Academic Unit of Neurology, Trinity Biomedical Sciences Institute, Trinity College
Dublin

Email: mark.heverin@tcd.ie

Phone: +353 1896 4376
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Consent forms

Patient consent form (TCD/SJH)

EV) Trinity College Dublin

o ji 5 Coldiste na Trionbide, Baile Atha Cliath

w The University of Dublin PATIENT CONSENT FORM

Study title: Characterising Network Disruption in Human
Neurodegeneration: A Spectral EEG and TMS based Approach
— EEG aspect

GENERAL UNDERSTANDING
I have read and understood the Patient Information Leaflet about this YesO | Nol
research project. The information has been fully explained to me and I
have been able to ask questions, all of which have been answered to my
satisfaction.

Iunderstand that I don’t have to take part in this study and that I can opt vesl | Nol
out at any time. I understand that I don’t have to give a reason for opting
out and I understand that opting out won’t affect my future medical care.
Tam aware of the potential risks of this research study. vesO | Nol
Thave been given a copy of the Information Leaflet and this completed vesO | NolO
consent form for my records.

Tunderstand Twill not be entitled to a share of any profits that may arise Yes - No [
from the future use of data or products derived from it.

TCONSENT
T'consent to take part in this research study having been fully informed of YesD | Nol
the risks.

Iconsentto the useof information-about me (personal data) being used vesO |Nol
for this research study.
T'consent to researchers looking at other information I have provided/will | y ..l | yo O

provide to The Academic Unit of Neurology/The Irish Motor Neurone
Disease Register. I have been assured that information about me will be
kept private and confidential.
~Iconsenttoautomated processing being performed on my data for the ves | NoO
purposes of grouping me into categories based on the measurements
taken.

FUTURE CONTACT | \

I consent to be re-contacted by researchers about possible future research | YesO | No 0
related to the current study for which I may be eligible.

Version 6 16/05/22 [Type here]
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STORAGE AND FUTURE USE OF INFORMATION *
I agree for the information I provide in this study ( personal data) to be used for | yagl | No [
other future research related to ALS, FTD, MS, PPS and/or HD by not for profit
organisations (research institutes, hospitals etc.) without further consent being
required but only if the research is approved by a Research Ethics Committee.
I agree for data I provide to be used for future research projects related to ALS, | yesl | NoO
FTD, MS, PPS and/or HD which may be carried out by researchers working for
commercial/pharmaceutical companies but only if the research is approved
by a Research Ethics Committee

Tagree for data I provide to be used for future neurological research relatedto

| ALS, FTD, MS, PPS and/or HD to be performed gutside of the EEA,

1 give permission for my contact details to be kept on file by the research team. | Yesl | No [

* “ »”

Yesl | NoD

| I
Patient Name (Block Capitals) | Patient Signature | Date

To be completed by the Principal Investigator or nominee.

I, the undersigned, have taken the time to fully explain to the above patient the nature and
purpose of this study in a way that they could understand. I have explained the risks involved as
well as the possible benefits. I have invited them to ask questions on any aspect of the study
that concerned them.

Name (Block Capitals) | Qualifications | Signature | Date
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Control cons

ent form (TCD/SJH)

Colaiste n

Trinity College Dublin

a Trionbide, Baile Atha Cliath

The University of Dublin

CONTROL CONSENT FORM

Study title: Characterising Network Disruption in Human

Neurodegeneration: A Spectral EEG and TMS based Approach

— EEG aspect

GENERAL UNDERSTANDING

I have read and understood the Control Information Leaflet about this
research project. The information has been fully explained to me and I
have been able to ask questions, all of which have been answered to my
satisfaction.

Tunderstand that I don’t have to take part in this stucdy and that I can opt
out at any time. I understand that I don’t have to give a reason for opting
out and I understand that opting out won't affect my future medical care.

Tam aware of the potential risks of this research study.

Thave been given a copy of the Information Leaflet and this completed
consent form for my records.

"Tunderstand Twill not be entitled to a share of any profits that may arise

from the future use of data or products derived from it.

CONSENT

Tconsent to take part in this research study having been fully informed of
the risks.

rItonsent totheuseof information about me (personal data) being used

for this research study.

| Tconsent to researchers looking at other information I have provided/will

provide to The Academic Unit of Neurology. I have been assured that
information about me will be kept private and confidential.

"Tconsent to automated processing being performed on my data for the

purposes of grouping me into categories based on the measurements
taken.

FUTURE CONTACT

I consent to be re-contacted by researchers about possible future research
related to the current study for which I may be eligible.

Version 6 16/05/22
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YesD | Nol
Yes[| No I
YesD | Nol
a
Yes Nol
YesU | Nol
Yes | Nol
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STORAGE AND FUTURE USE OF INFORMATION *

I agree for the information I provide in this study ( personal data) to be used for | yagl | No [
other future research related to ALS, FTD, MS, PPS and/or HD by not for profit
organisations (research institutes, hospitals etc.) without further consent being
required but only if the research is approved by a Research Ethics Committee.

I agree for data I provide to be used for future research projects related to ALS, | yesl | NoO
FTD, MS, PPS and/or HD which may be carried out by researchers working for

commercial/pharmaceutical companies but only if the research is approved

by a Research Ethics Committee

| ALS, FTD, MS, PPS and/or HD to be performed outside of the EEA.

Tagree for data I provide to be used for future neurological research relatedto | YesO | NoO

1 give permission for my contact details to be kept on file by the research team. | Yesl | No [

* “ »”

Control Name (Block Capitals) | Control Signature | Date
To be completed by the Principal Investigator or nominee.

1, the undersigned, have taken the time to fully explain to the ahove patient the nature and
purpose of this study in a way that they could understand. I have explained the risks involved as
well as the possible benefits. I have invited them to ask questions on any aspect of the study
that concerned them.

Name (Block Capitals) | Qualifications | Signature | Date
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Patient consent form (BH)

PATIENT CONSENT FORM

Study title: A Multidisciplinary Study of Cognition in Multiple Sclerosis

I have read and understood the Information Leaflet about this research

project. The information has been fully explained to me and I have been
able to ask questions, all of which have been answered to my satisfaction.

Iunderstand that I don’t have to take part in this study and that I can opt
out at any time. I understand that I don’t have to give a reason for opting
out and T understand that opting out won't affect my future medical care.

Tam aware of the potential risks, benefits and alternatives of this research
study.

I give permission for researchers to look at my medical records to get
information. I have been assured that information about me will be kept
private and confidential.

I have been given a copy of the Information Leaflet and this completed
consent form for my records.

T consent to take part in this research study having been fully informed of

the risks, benefits and alternatives.

1 give informed explicit consent to have my data processed as part of this
research study.

I consent to be contacted by researchers as part of this research study.

FUTURE CONTACT

I consent to be re-contacted by researchers about possible future research
related to the current study for which I may be eligible.

I consent to be re-contacted by researchers about possible future research
unrelated to the current study for which I may be eligible.

Version 1 02/11/2018
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vesO | NoD
Yesu No 1
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STORAGE AND FUTURE USE OF INFORMATION

1 give permission for material/data to be stored for passible future research Yes |Nol

related to the current study without further consent being required but only if

the research is approved by a Research Ethics Committee.

I give permission for material/data to be stored for possible future research— Yes | Nol
unrelated to the current study without further consent being required but only

if the research is approved by a Research Ethics Committee.

Patient Name (Block Capitals) | Patient Signature | Date

Legal Representative/Guardian Name Legal Representative/Guardian Signature Date

To be completed by the Principal Investigator or nominee.

1, the undersigned, have taken the time to fully explain to the above patient the nature and
purpose of this study in a way that they could understand. I have explained the risks involved as
well as the possible benefits. I have invited them to ask questions on any aspect of the study
that concerned them.

Name (Block Capitals) | Qualifications | Signature | Date

3 copies to be made: 1 for patient, 1 for PIand 1 for hospital records.
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Control consent form (BH)

HEALTHY CONTROL CONSENT FORM

Study title: A Multidisciplinary Study of Cognition in Multiple Sclerosis

able to ask questions, all of which have been answered to my satisfaction.

I have read and understood the Information Leaflet about this research Yesl

project. The information has been fully explained to me and I have been

I understand that I don’t have to take part in this study and that I can opt YesO
out at any time. I understand that I don’t have to give a reason for opting
out and I understand that opting out won't affect my future medical care.

1 am aware of the potential risks, benefits and alternatives of this research | yeg [l
study.

I have been given a copy of the Information Leaflet and this completed Yesl
consent form for my records.

I consent to take part in this research study having been fully informed of YesU
the risks, benefits and alternatives.
I give informed explicit consent to have my data processed as part of this | yeg [l
research study.

T consent to be contacted by researchers as part of this research study. Yes

No [l

FUTURE CONTACT ‘

1 consent to be re-contacted by researchers about possible future research ‘ Yesl ‘ No O

related to the current study for which I may be eligible.

unrelated to the current study for which I may be eligible.

1 consent to be re-contacted by researchers about possible future research | Yes
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STORAGE AND FUTURE USE OF INFORMATION

I give permission for material/data to be stored for possible future research YesO | NolO

related to the current study without further consent being required but only if
| the research is approved by a Research Ethics Committee.

1 give permission for material/data to be stored for possible future research Yesl | Nol
unrelated to the current study without further consent being required but only

if the research is approved by a Research Ethics Committee.

I I

Name (Block Capitals) | Signature | Date

To be completed by the Principal Investigator or nominee.

I, the undersigned, have taken the time to fully explain to the above patient the nature and
purpose of this study in a way that they could understand. I have explained the risks involved as
well as the possible benefits. I have invited them to ask questions on any aspect of the study
that concerned them.

Name (Block Capitals) | Qualifications | Signature | Date

3 copies to be made: 1 for patient, 1 for PIand 1 for hospital records.
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Appendix E: Questionnaires

MSNQ

MSNQ Patient

Name:

Date:

Circle one: MALE / FEMALE

INSTRUCTIONS:

The following questions ask about
problems that you may experience. Rate
how often these problems occur AND

how severe they are. Base your ratings P2
on how you have been over the last L Q. p%m_

/e
three months. &, % %, L

-+ [¢) )
O);; };‘@ // @/‘J’ %L
. © NG %
Please check the appropriate box. PN %‘é S A Gfo,
ﬂ’O’ @ff@f O)o? l/)O OG
%, i % e Ox
7 4 % % o
’00,, “% ) 8 @
® ‘e ) &

1.Are you easily distracted?

2.Do you lose your thoughts while listening to somebody speak?

3. Are you slow when trying to solve problems?

4.Do you forget appointments?

5.Do you forget what you read?

6.Do you have trouble describing shows or programs recently watched?

7.Do you need to have instructions repeated?

8.Do you have to be reminded to do tasks?

9.Do you forget errands that were planned?

10.Do you have difficulty answering questions?

11.Do you have difficulty keeping track of two things at once?

12.Do you miss the point of what someone is trying to say?

13.Do you have difficulty controlling impulses?

14.Do you laugh or cry with little cause?

15.Do you talk excessively or focus too much on your own interests?

copyright © 2004 Ralph H. B. Benedict, Ph.D.
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HADS
Yes Yes No, not [No, not
definitely | sometimes much at all

| feel tense or wound up 3 2 1

2. | still enjoy things | used to enjoy 0 1 2
| get a sort of frightened feeling as iff

3. . . 3 2 1 0
something awful is about to happen

" I c.an laugh and see the funny side of] 0 1 5 3
things

5. Worrying thoughts go through my mind 3 2 1 0

6. | feel cheerful 3 2 1 0

7. | can sit at ease and feel relaxed 0 1 2 3

8. | feel as if | am slowed down 3 2 1 0

9. ! get a 'sort' of frightened feeling like 0 1 5 3
butterflies’ in the stomach

10. |l have lost interest in my appearance 3 2 1 0

11, | feel restless as if | have to be on the 3 ) 1 0
move

12. |l look forward with enjoyment to things 0 2

13. [l get sudden feelings of panic 3 1

14, | can enjoy a good book, radio or TV 0 1 5 3

program
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EHI

Edinburgh Handedness Inventoryl

Participant ID:

Please indicate with a one (1) your preference in using your left or right hand in the following tasks.

Where the preference is so strong you would never use the other hand, unless absolutely forced
to, put atwo (2).

If you are indifferent, put a one in each column (1[1).

Some of the activities require both hands. In these cases, the part of the task or object for which hand
preference is wanted is indicated in parentheses.

Task / Object Left Hand Right
Hand
1. Writing
2. Drawing
3. Throwing
4. Scissors
5. Toothbrush
6. Knife (without fork)
7.Spoon
8. Broom (upper hand)
9. Striking a Match (match)
T0. Opening a Box (lid)

Stop here.
Total checks: LH = RH =
Cumulative Total CT=LH+RH=
Difference D=RH-LH=
Result R=(D/CT)x100 =

Interpretation:

(Left Handed:R<40)
(Ambidextrous: -40>R<+40)
(Right Handed: R > +40)

10ldfield, R. C. (1971). The assessment and analysis of handedness: The Edinburgh inventory.
Neuropsychologia, 9, 97-113.
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Appendix F: Neuropsychological battery

e Test of Premorbid Functioning (TOPF)

e Wechsler Abbreviated Scale of Intelligence (WASI-II)
e F-A-Stest

e Semantic Fluency Test

e Digit Span Test

e CAVLT-II

e Logical Memory Test

e Brief visuospatial memory test (BVMT-R)
e Symbol Digit Modalities Test (SDMT)

e Color Word Interference Test (CWIT)

e Brixton Spatial Anticipation Test

e Reading the Mind in the Eyes Test (RMET)
e Boston Naming Test (BNT)

e Action Naming Test (ANT)
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Supplementary Data

Appendix G

Supplementary Table 1. ICC values for SART ERPs

P2 N2 P3
ICC LB uB F dfl|df2 p ICC LB uB F dfl|df2 P ICC LB uB F dfl|df2 P
Amplitude of peak Go 0.93 0.69 0.98 12.18 919 <0.0005 0.90 0.59 0.98 9.97 819 0.001 0.90 -0.14 0.99 9.25 314 0.030
No-Go 0.79 0.02 0.95 4.46 8|8 0.024 0.34 -1.68 0.86 1.55 718 0.277 0.79 -0.13 0.97 5.48 5]6 0.035
Mean amplitude Go 0.91 0.65 0.98 10.60 9|10 0.001 0.93 0.70 0.98 12.49 919 <0.0005 0.79 0.10 0.95 4.43 919 0.018
No-Go 0.69 -0.19 0.92 3.20 9|10 0.043 0.64 -0.50 0.91 2.69 919 0.074 0.85 0.38 0.96 6.26 919 0.006
N Latency of peak Go 0.92 0.67 0.98 11.47 919 0.001 0.98 0.86 1.00 70.12 8|5 <0.0005 0.94 0.38 1.00 16.02 314 0.011
Ll No-Go 0.63 -0.32 0.91 3.25 819 0.067 0.94 0.73 0.99 16.50 718 <0.0005 0.95 0.70 0.99 20.78 5]6 0.001
Mean Latency Go 0.81 0.20 0.95 4.89 919 0.013 0.90 0.57 0.98 9.60 819 0.001 0.93 0.30 1.00 14.20 314 0.013
No-Go 0.95 0.79 0.99 18.77 819 <0.0005 0.81 0.13 0.96 6.42 716 0.016 0.96 0.67 1.00 40.77 5] 4 0.002
Go 0.87 0.48 0.97 7.26 919 0.003 0.89 0.52 0.98 8.52 8|8 0.003 0.92 0.23 0.99 15.65 314 0.015
Area under component
No-Go 0.83 0.22 0.96 5.52 819 0.013 0.16 -3.19 0.83 1.19 717 0.407 0.75 -0.30 0.96 4.69 5|5 0.051
Amplitude of peak Go 0.96 0.80 0.99 20.22 819 <0.0005 0.97 0.81 0.99 38.31 6|6 <0.0005 0.91 0.47 0.98 9.93 6|6 0.006
No-Go 0.97 0.84 0.99 27.68 719 <0.0005 0.93 0.65 0.99 13.03 717 0.001 0.89 0.52 0.97 7.99 919 0.002
Mean amplitude Go 0.98 0.91 0.99 39.03 919 <0.0005 0.93 0.71 0.98 12.94 9 | 10 | <0.0005 0.96 0.85 0.99 24.06 919 <0.0005
No-Go 0.97 0.87 0.99 27.12 919 <0.0005 0.90 0.60 0.98 9.40 919 0.001 0.90 0.58 0.97 8.94 919 0.002
& Latency of peak Go 0.94 0.72 0.99 14.44 819 0.001 0.96 0.82 0.99 31.04 6|7 <0.0005 -2.03 13.47 0.63 0.43 6|6 0.839
LL No-Go 0.95 0.72 0.99 24.14 719 0.001 0.95 0.78 0.99 24.78 717 <0.0005 0.84 0.34 0.96 5.87 919 0.007
Mean Latency Go 0.69 -0.38 0.93 3.10 819 0.059 0.92 0.30 0.99 21.90 6| 3 0.010 0.85 0.21 0.97 6.53 6| 7 0.013
No-Go 0.91 0.52 0.98 9.64 719 0.004 0.92 0.58 0.98 10.74 717 0.002 0.86 0.41 0.97 6.50 919 0.005
Go 0.95 0.80 0.99 19.70 819 <0.0005 0.98 0.86 1.00 35.58 6|6 <0.0005 0.94 0.66 0.99 15.51 6|6 0.002
Area under component
No-Go 0.94 0.67 0.99 13.70 719 0.001 0.92 0.62 0.98 11.96 718 0.001 0.90 0.59 0.97 9.13 919 0.001
Amplitude of peak Go 0.89 0.31 0.98 8.75 519 0.011 0.92 -0.27 1.00 10.73 313 0.033 0.95 0.74 0.99 19.40 6|7 <0.0005
No-Go 0.49 [-4599.89 0.95 1.79 419 0.291 0.84 0.15 0.97 6.08 6 (7 0.017 0.94 0.76 0.98 15.20 9 | 10 | <0.0005
Mean amplitude Go 0.90 0.57 0.97 8.76 919 0.002 0.92 0.68 0.98 11.99 9 | 10 | <0.0005 0.95 0.80 0.99 18.29 919 <0.0005
No-Go 0.84 0.38 0.96 6.80 919 0.004 0.83 0.53 0.97 8.08 9 |10 0.002 0.96 0.83 0.99 21.07 919 <0.0005
N Latency of peak Go 0.91 0.29 0.99 16.77 519 0.011 0.85 -8.18 0.99 5.12 313 0.107 0.97 0.66 0.99 51.17 6| 3 0.002
C No-Go 0.86 -0.09 0.99 6.99 419 0.029 0.94 0.61 0.99 13.62 6|6 0.003 0.61 -0.73 0.91 2.44 919 0.098
Mean Latency Go 0.43 -11.09 0.93 1.63 519 0.301 0.55 -1.14 0.97 2.73 314 0.186 0.93 0.37 0.99 23.10 6| 3 0.008
No-Go 0.93 0.24 0.99 12.05 419 0.017 0.74 -0.89 0.96 3.42 6|6 0.079 0.57 -0.43 0.89 2.53 99 0.087
Go 0.76 -0.54 0.97 4.09 519 0.060 0.92 -0.74 1.00 10.17 313 0.043 0.95 0.74 0.99 19.14 6|7 0.001
Area under component
No-Go -4.26 6.49 0.74 0.34 419 0.838 0.91 0.53 0.98 12.52 6| 6 0.003 0.96 0.83 0.99 21.07 919 <0.0005
Amplitude of peak Go 0.86 0.18 0.98 8.57 519 0.015 0.92 -1.23 1.00 10.22 2|3 0.054 0.77 -0.49 0.96 3.97 6|6 0.055
No-Go 0.17 -0.97 0.97 1.37 219 0.378 0.84 0.00 1.00 282657 | 2 | 1 0.013 0.93 0.73 0.98 14.20 9 | 10 | <0.0005
Mean amplitude Go 0.89 0.57 0.97 8.77 9|9 0.001 0.92 0.70 0.98 12.45 919 <0.0005 0.82 0.24 0.96 5.16 9|9 0.011
No-Go 0.89 0.57 0.97 9.74 919 0.001 0.93 0.73 0.98 17.99 918 <0.0005 0.91 0.66 0.98 10.79 9 |10 0.001
N Latency of peak Go 0.98 0.84 1.00 37.52 519 <0.0005 0.93 20.30 1.00 9.87 2|2 0.087 0.99 0.97 1.00 175.95 | 6 | 7 <0.0005
o No-Go 0.92 6.74 1.00 8.44 219 0.106 0.48 3.80 0.99 1.66 2|2 0.369 0.87 0.48 0.97 7.19 9 | 10 0.003
Mean Latency Go 0.92 0.16 0.99 25.62 519 0.016 0.93 -1.72 1.00 11.20 2|3 0.055 0.94 0.50 0.99 24.35 6| 4 0.004
No-Go 0.79 -0.29 0.99 14.96 219 0.098 0.79 6.24 0.99 3.71 2|2 0.192 0.90 0.63 0.98 10.07 9 | 10 0.001
Go 0.86 0.14 0.98 9.12 519 0.017 0.91 -0.56 1.00 10.96 2|3 0.043 0.79 -0.28 0.96 4.43 6|6 0.042
Area under component
No-Go 0.19 -0.11 0.93 3.24 219 0.268 0.91 -0.17 1.00 47.20 2|1 0.056 0.91 0.66 0.98 10.79 9 | 10 0.001
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Supplementary Table 2. Correlations between P2 features and neuropsychological screening tools. No significant
associations were seen between P2 waveform features and the MSNQ, HADS-A, or HADS-D.

APPENDICES

MSNQ HADS-A HADS-D

rho [ p rho I p rho I p

Fz | 0.02 0.890 -0.01 0.933 -0.03 0.778

peak FCz | -0.03 0.775 0.02 0.879 -0.15 0.213

amplitude | cz | -0.14 0.283 0.10 0.413 0.11 0.387

Pz | -0.14 0.263 0.15 0.242 0.02 0.879

Fz | 0.10 0.353 -0.08 0.454 -0.08 0.495

mean | FCz | 0.04 0.719 0.12 0.299 -0.22 0.046

amplitude | cz | -0.02 0.855 -0.03 0.817 -0.22 0.046

Pz | -0.12 0.287 0.14 0.199 -0.04 0.707

Fz | 011 0.330 0.12 0.318 0.04 0.750

o | standard | FCz| 0.14 0.253 -0.07 0.580 0.01 0.912

O latency | cz | -0.04 0.768 -0.10 0.452 0.01 0.920

Pz | -0.01 0.946 0.15 0.235 0.04 0.730

, Fz | 020 0.087 -0.09 0.420 0.12 0.313

amplitude- | . 1 45 0.272 -0.02 0.864 0.05 0.663
weighted

jatency | € | 01 0.917 0.13 0.288 0.07 0.563

Pz | -0.05 0.689 0.16 0.194 0.14 0.279

Fz | 011 0.360 0.00 0.998 0.00 0.994

2rea FCz | 0.03 0.781 0.03 0.782 0.14 0.240

cz | -0.07 0.569 0.14 0.269 -0.10 0.422

2 Pz | -0.08 0.507 0.20 0.109 -0.06 0.617

P Fz | 0.04 0.729 0.05 0.680 -0.03 0.768

peak Fcz | -0.01 0.924 0.12 0.316 -0.07 0.567

amplitude | cz | -0.06 0.647 0.15 0.239 0.04 0.748

Pz | -0.08 0.522 0.27 0.036 0.03 0.825

Fz | 0.06 0.594 0.17 0.136 0.17 0.136

mean | FCz | -0.04 0.755 0.17 0.137 0.27 0.016

amplitude | cz | 0.10 0.380 0.08 0.491 -0.14 0.219

Pz | -0.09 0.415 0.18 0.115 -0.04 0.746

Fz | 0.20 0.083 0.00 0.968 0.18 0.121

8 | standard | Fcz| 0.20 0.093 0.01 0.930 0.22 0.061

S latency | cz | 0.17 0.166 0.10 0.429 0.10 0.428

Pz | -0.09 0.475 0.11 0.403 -0.02 0.852

_ Fz | 0.25 0.029 -0.02 0.896 0.09 0.448

amplitude- | . | ¢ 0.166 0.00 0.966 0.15 0.191
weighted

jatency | €2 | 016 0.210 0.18 0.156 0.06 0.626

Pz | -0.09 0.505 0.20 0.123 -0.08 0.554

Fz | 0.08 0.471 -0.01 0.925 -0.10 0.403

2rea Fcz | 0.00 0.988 0.03 0.798 -0.16 0.166

cz | -0.02 0.871 0.12 0.318 -0.03 0.825

Pz | -0.10 0.455 0.26 0.039 -0.09 0.485

231



APPENDICES

Supplementary Table 3. Correlations between N2 features and neuropsychological screening tools. No significant
associations were seen between N2 waveform features and the MSNQ, HADS-A, or HADS-D.

MSNQ HADS-A HADS-D

rho o] rho p rho p

Fz | -0.03 0.810 0.24 0.044 -0.25 0.038

peak Fcz | -0.03 0.802 031 0.010 -0.28 0.019

amplitude | cz | 0.08 0.519 0.16 0.224 0.23 0.081

Pz | -0.08 0.608 -0.09 0.520 -0.15 0.293

Fz | 0.12 0.286 -0.07 0.557 -0.07 0.563

mean | FCz | 0.00 0.968 -0.10 0.369 021 0.057

amplitude | ¢z | -0.04 0.753 -0.03 0.794 -0.20 0.074

Pz | -0.15 0.184 0.11 0.323 -0.06 0.623

Fz | 0.13 0.267 0.07 0.563 0.07 0.586

o | standard | FCz| 0.24 0.047 0.05 0.711 0.05 0.710

O latency | cz [ 0.10 0.469 0.13 0.311 0.20 0.128

Pz | 0.21 0.143 0.06 0.688 0.13 0.361

, Fz | 0.03 0.772 -0.08 0.516 0.00 0.996

amplitude- | . | 5; 0.087 -0.01 0.950 0.07 0.583
weighted

jatency | <2 | 011 0.383 0.11 0.419 0.07 0.590

Pz | 0.25 0.089 0.07 0.647 0.12 0.419

Fz | -0.02 0.880 0.14 0.239 0.18 0.129

wrea FCcz | -0.07 0.579 0.26 0.033 -0.29 0.018

cz | 0.02 0.864 0.13 0.339 0.22 0.095

2 Pz | -0.10 0.481 -0.07 0.614 0.12 0.422

N Fz | -0.09 0.483 -0.20 0.124 0.14 0.285

peak FCz | -0.10 0.432 -0.20 0.100 0.13 0.281

amplitude | cz | 0.05 0.663 -0.04 0.761 0.11 0.374

Pz | -0.10 0.467 0.18 0.180 0.26 0.048

Fz | 0.05 0.651 0.13 0.265 0.11 0.319

mean | FCz | -0.07 0.522 0.11 0.349 0.16 0.144

amplitude | cz | 0.04 0.753 0.13 0.245 0.04 0.731

Pz | -0.09 0.442 0.18 0.107 -0.03 0.812

Fz | 0.03 0.849 0.13 0.325 0.15 0.249

8 | standard | Fcz| 0.09 0.484 -0.02 0.897 -0.20 0.101

S latency | Cz | 0.04 0.773 -0.02 0.902 0.12 0.323

Pz | 0.01 0.939 -0.05 0.708 0.06 0.634

_ Fz | 0.00 0.989 -0.20 0.135 0.24 0.065

amplitude- | . 1 ) 0.864 -0.10 0.401 0.27 0.022
weighted

jatency | €2 | 000 0.981 -0.06 0.635 021 0.085

Pz | 0.00 0.995 -0.05 0.704 0.00 0.970

Fz | -0.06 0.649 0.14 0.307 0.12 0.370

Fcz | -0.13 0.279 -0.20 0.102 0.16 0.172

area cz | 0.04 0.773 0.05 0.691 -0.10 0.403

Pz | -0.19 0.154 -0.09 0.493 0.27 0.038
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Supplementary Table 4. Correlations between P3 features and neuropsychological screening tools. No significant
associations were seen between P3 waveform features and the MSNQ, HADS-A, or HADS-D.
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MSNQ HADS-A HADS-D

rho I p rho I p rho [ p

Fz | 0.04 0.764 0.22 0.103 0.17 0.221

peak FCz | -0.03 0.838 0.07 0.568 0.01 0.961

amplitude | Cz -0.12 0.319 -0.07 0.549 -0.10 0.404

Pz | -0.21 0.070 -0.09 0.477 -0.05 0.687

Fz | 0.15 0.171 0.22 0.047 0.02 0.842

mean FCz | -0.09 0.444 0.05 0.657 -0.13 0.265

amplitude | cz | -0.18 0.106 -0.08 0.457 -0.18 0.101

Pz | -0.14 0.208 -0.21 0.054 -0.11 0.319

Fz | 0.23 0.099 0.25 0.065 0.04 0.767

o | standard | Fcz| 0.19 0.127 0.06 0.621 0.03 0.791

© latency | cz | 0.17 0.175 -0.04 0.757 -0.14 0.265

Pz | -0.05 0.689 -0.23 0.049 0.12 0.317

, Fz | 032 0.019 0.21 0.131 0.15 0.294

amplitude- | . | g 0.023 0.14 0.276 0.08 0.544
weighted

jatency | €% | 006 0.646 -0.01 0.923 0.04 0.726

Pz | -0.10 0.399 -0.14 0.253 -0.13 0.291

Fz | 0.05 0.741 0.18 0.186 0.14 0.329

2rea Fcz | 0.01 0.912 0.09 0.489 -0.05 0.704

cz | -0.07 0.584 -0.07 0.584 -0.13 0.299

Pz | -0.16 0.179 0.21 0.072 0.11 0.368

P3 Fz | 0.19 0.123 0.05 0.651 0.01 0.924

peak Fcz | -0.03 0.820 0.03 0.803 0.01 0.949

amplitude | cz | -0.17 0.173 -0.03 0.815 0.05 0.684

Pz | -0.10 0.396 -0.06 0.579 -0.13 0.262

Fz | 0.04 0.699 0.07 0.514 -0.01 0.957

mean | FCz | -0.09 0.401 0.04 0.696 -0.08 0.490

amplitude | cz | -0.16 0.166 0.00 0.965 -0.10 0.370

Pz | -0.11 0.309 -0.07 0.537 -0.19 0.096

Fz | 0.18 0.145 -0.07 0.538 -0.03 0.829

8 | standard | Fcz | 0.20 0.089 -0.07 0.554 -0.06 0.607

S latency | cz | 0.13 0.308 -0.06 0.643 -0.02 0.843

Pz | 0.06 0.588 0.05 0.692 0.10 0.412

_ Fz | 032 0.007 0.02 0.839 0.01 0.915

amplitude- | . | 45 0.033 -0.03 0.783 -0.03 0.831
weighted

jatency | € | 018 0.138 -0.14 0.271 -0.06 0.619

Pz | 0.00 0.976 -0.19 0.106 -0.13 0.260

Fz | 0.18 0.129 0.00 0.973 -0.10 0.411

2rea FCz | -0.01 0.966 0.01 0.930 -0.05 0.647

cz | -0.22 0.066 -0.08 0.536 -0.09 0.478

Pz | -0.10 0.403 -0.11 0.365 -0.14 0.214
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Supplementary Table 5. Correlations between P2 characteristics and SART accuracy. No significant associations were
seen between P2 ERP characteristics and “Go” accuracy, “No-Go” accuracy, total accuracy, or anticipation errors on the
SART.

n n n n L] H
Go" accuracy No-Go" accuracy total accuracy anticipation
MS Control MS Control MS Control MS Control
rho [ p rho [ p rho [ p rho l p rho l p rho [ p rho [ p rho [ p
Fz 0.07 0.574 -0.15 0.314 0.03 0.801 -0.21 0.146 0.03 0.830 -0.18 0.210 -0.17 0.137 0.19 0.196
peak Fcz | 021 o007 | 005 073 | 010 0403 | 014 0366 | 016 0178 | 010 0519 | 028 0019 | 018 0233
i Cz 0.14 0.280 0.16 0.302 0.03 0.823 -0.06 0.679 0.07 0.582 -0.05 0.771 -0.12 0.357 0.13 0.382
pz | 006 o611 | 031 0042 | 000 0971 | 028 0068 | 003 0804 | -026 0100 | -014 0248 | 003 0845
Fz -0.01 0.922 -0.24 0.079 0.08 0.485 -0.13 0.356 0.03 0.768 -0.14 0.307 -0.16 0.147 0.17 0.235
mean FCz 0.05 0.672 -0.07 0.620 0.04 0.709 -0.11 0.436 0.04 0.744 -0.12 0.402 -0.20 0.068 0.09 0.501
amplitude [ 012 0289 | 006 069 | 002 087 | 012 0395 | 003 0789 | 013 0346 | 020 0395 | 003 0812
Pz 0.20 0.070 0.34 0.012 -0.06 0.612 -0.04 0.754 0.04 0.723 -0.03 0.821 -0.01 0.950 -0.01 0.959
Fz | 010 0379 | 008 0569 | 023 0049 | 007 065 | 013 0279 | 007 0631 | 003 0800 | -0.05 0726
o standard FCz -0.15 0.226 0.04 0.794 0.20 0.095 0.02 0.916 0.10 0.433 0.02 0.870 0.07 0.572 -0.11 0.446
o latency Cz -0.01 0.933 0.02 0.878 -0.01 0.962 -0.10 0.533 -0.02 0.847 -0.10 0.519 0.01 0.926 -0.14 0.366
pz | 010 0440 | 001 0935 | -007 o0s52 | 012 0433 | 009 0491 | -012 0447 | 000 0986 | 003 0859
) Fz -0.05 0.684 -0.01 0.955 0.17 0.150 -0.11 0.460 0.09 0.439 -0.11 0.438 -0.13 0.280 -0.01 0.965
amplitude- [7eo ™1 505 0598 | 010 o510 | 015 0225 | 009 0531 | 0os o705 | 007 0620 | 014 0235 | 011 0476
latency Cz -0.01 0.915 0.14 0.382 -0.06 0.620 -0.17 0.265 -0.08 0.546 -0.17 0.261 -0.03 0.789 -0.11 0.464
Pz -0.09 0.459 -0.10 0.511 -0.04 0.772 -0.28 0.073 -0.03 0.782 -0.29 0.065 -0.12 0.357 0.13 0.396
Fz 004 0745 | 018 0213 | 007 055 | 020 0168 | 004 0754 | 019 0200 | -0.19 0100 | 016 0280
FCz 0.17 0.155 0.08 0.572 0.09 0.440 -0.13 0.366 0.13 0.296 -0.10 0.499 -0.27 0.023 0.12 0.424
area
C 012 0358 | 019 0207 | 002 089 | 003 0824 | 004 0751 | 002 0877 | 011 038 | 005 0748
PZ Pz 0.11 0.362 0.32 0.036 0.00 0.975 -0.25 0.111 0.06 0.646 -0.23 0.140 -0.12 0.343 0.00 0.987
Fz -0.08 0.520 -0.16 0.269 -0.15 0.201 -0.11 0.452 -0.15 0.211 -0.10 0.509 -0.11 0.353 0.16 0.266
peak Fcz | oo8 o512 | 007 o610 | 006 0588 | 013 0392 | ooo 1000 | 010 0474 | 018 0131 | 019 0179
amplitude Cz 0.06 0.630 0.08 0.624 0.00 0.970 -0.01 0.954 0.02 0.848 0.02 0.888 -0.03 0.813 0.10 0.521
pz | 016 0203 | 018 0313 | -004 0765 | -024 0158 | 000 0971 | -020 0261 | -005 0722 | 032 0063
Fz -0.06 0.570 -0.33 0.017 -0.06 0.572 -0.12 0.410 -0.09 0.442 -0.13 0.342 -0.13 0.247 0.15 0.284
mean FCz 0.11 0.331 -0.22 0.118 0.02 0.835 -0.05 0.735 0.05 0.657 -0.07 0.607 -0.16 0.147 0.09 0.509
amplitude [ 018 0110 | 005 0744 | 010 038 | -002 0904 | 014 0216 | 004 0803 | 002 0839 | 003 0837
Pz 0.24 0.030 0.35 0.010 0.08 0.500 0.08 0.556 0.15 0.194 0.08 0.562 -0.05 0.661 0.05 0.720
Fz | 012 0300 | -0.02 085 | 002 087 | 020 0168 | 000 0949 | 022 0127 | 000 0978 | 015 0306
8 standard FCz -0.21 0.077 -0.07 0.637 -0.02 0.862 -0.25 0.081 -0.09 0.444 -0.27 0.057 0.06 0.611 0.16 0.282
2 latency Cz -0.09 0.472 0.29 0.050 -0.02 0.888 -0.05 0.733 -0.05 0.697 -0.03 0.838 0.09 0.472 -0.10 0.494
pz | 010 0424 | 022 0195 | -016 0210 | 008 0639 | -009 0484 | -007 0681 | 005 0688 | 007 0672
) Fz -0.07 0.576 -0.30 0.032 -0.02 0.867 -0.17 0.245 -0.05 0.679 -0.22 0.119 -0.07 0.561 -0.10 0.505
amplitude- [0 653 0812 | -019 0195 | 005 0663 | 013 0361 | 002 0844 | -019 0181 | -010 0374 | 007 o611
latency Cz -0.01 0.942 0.11 0.471 -0.03 0.784 0.03 0.866 -0.02 0.901 0.01 0.939 0.08 0.507 -0.14 0.355
Pz 0.24 0.064 0.31 0.071 0.05 0.717 0.03 0.866 0.13 0.328 0.04 0.807 0.02 0.874 0.15 0.386
Fz | -0.04 0760 | 027 0057 | 007 055 | -0.18 0223 | -0.08 0479 | 018 0222 | -013 0282 | 014 0318
FCz 0.15 0.186 -0.15 0.311 0.02 0.895 -0.10 0.489 0.08 0.514 -0.10 0.490 -0.22 0.064 0.16 0.270
area
C 013 0293 | 002 084 | 003 0805 | 001 0924 | 007 0593 | 000 098 | -003 0806 | 009 0571
Pz 0.28 0.029 0.35 0.039 0.04 0.779 -0.17 0.329 0.11 0.404 -0.11 0.514 -0.07 0.566 0.32 0.063
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Supplementary Table 6. Correlations between N2 characteristics and SART accuracy. No significant associations were
seen between N2 ERP characteristics and "Go" accuracy, "No-Go" accuracy, total accuracy, or anticipation errors on the

SART.
"Go" accuracy "No-Go" accuracy total accuracy anticipation
MS Control MS Control MS Control MS Control
rho [ p rho [ p rho [ p rho l p rho [ p rho [ p rho [ p rho [ p
Fz 0.02 0.897 -0.12 0.427 0.12 0.330 -0.13 0.373 0.09 0.472 -0.14 0.339 -0.17 0.147 0.01 0.970
peak Fcz | 012 0339 | -011 0489 | 013 0280 | -016 0308 | 011 0380 | -017 0263 | -019 0125 | 014 0360
i Cz 0.09 0.505 0.11 0.506 0.01 0.958 -0.15 0.372 0.05 0.729 -0.15 0.377 0.10 0.438 0.02 0.922
pz | 010 0487 | 019 0288 | 017 0238 | 019 0200 | -00s 0731 | 018 0316 | 002 0910 | -003 0855
Fz 0.00 0.965 -0.21 0.140 0.10 0.396 -0.12 0.376 0.05 0.664 -0.14 0.307 -0.17 0.131 0.19 0.169
mean FCz 0.08 0.452 -0.05 0.727 0.04 0.706 -0.17 0.225 0.05 0.688 0.18 0.188 -0.20 0.080 0.12 0.389
amplitude | cz | 009 0447 | 009 0528 | -005 0642 | 018 0203 | 000 0980 | -019 0173 | -008 0500 | 002 0901
Pz 0.20 0.069 0.29 0.032 -0.04 0.734 -0.09 0.503 0.06 0.600 0.08 0.574 -0.07 0.561 0.01 0.944
Fz | -008 0488 | -045 0002 | 006 0621 | -017 0253 | 007 0545 | 020 018 | 020 0098 | 013 0372
o standard FCz -0.05 0.712 -0.32 0.032 0.05 0.713 -0.05 0.730 0.06 0.617 -0.08 0.596 0.15 0.235 -0.18 0.236
© latency Cz 0.04 0.756 -0.10 0.534 0.21 0.105 0.27 0.093 0.14 0.292 0.28 0.079 -0.05 0.698 -0.09 0.575
pz | -016 0275 | 002 0922 | 011 0452 | 019 0285 | -019 0193 | 016 0381 | 021 0147 | -006 0729
Fz -0.04 0.760 -0.37 0.011 0.12 0.322 -0.09 0.553 0.12 0.304 0.10 0.505 0.06 0.633 0.12 0.435
amplitude- 17c ™ 006 0650 | 022 0142 | 007 o0ssa | 010 0525 | 006 0620 | 008 0603 | 010 0395 | 017 0262
latency Cz 0.06 0.652 -0.09 0.569 0.21 0.108 0.35 0.027 0.17 0.199 0.35 0.027 -0.07 0.593 -0.10 0.549
Pz -0.19 0.197 0.07 0.699 -0.02 0.873 0.31 0.082 -0.11 0.443 0.28 0.108 0.14 0.351 -0.08 0.665
Fz 000 098 | 010 0492 | 005 0689 | -012 0439 | 002 0879 | -013 0403 | -011 0355 | -001 0970
FCz 0.13 0.279 -0.08 0.620 0.08 0.503 -0.14 0.361 0.07 0.566 -0.15 0.315 -0.18 0.151 0.13 0.380
area cz | 011 03% | 009 o058 | -006 0676 | -020 0221 | 000 0971 | 021 0210 | 010 0459 | 010 0532
Pz 0.12 0.404 0.15 0.404 -0.17 0.252 0.01 0.968 -0.05 0.729 0.00 0.985 0.03 0.829 -0.03 0.851
N2 Fz 0.15 0.267 -0.22 0.172 0.16 0.216 -0.15 0.376 0.16 0.227 0.17 0.288 -0.22 0.087 0.17 0.303
peak Fcz | oos 0512 | -035 0017 | 006 0644 | 007 0660 | 006 0621 | -013 0381 | -010 0426 | 010 0507
amplitude Cz 0.14 0.263 -0.19 0.225 0.14 0.260 -0.02 0.877 0.14 0.237 -0.10 0.511 -0.02 0.882 0.09 0.571
pz | 025 0054 | 027 0109 | 022 0086 | 012 0471 | 028 0032 | 016 0340 | 022 0085 | -002 0898
Fz -0.04 0.736 -0.33 0.014 -0.05 0.672 -0.15 0.291 -0.07 0.521 0.18 0.207 -0.14 0.229 0.17 0.225
mean FCz 0.15 0.188 -0.19 0.164 -0.05 0.680 -0.13 0.356 0.01 0.946 0.17 0.225 -0.12 0.304 0.08 0.587
amplitude | ¢z | 021 oo0e6 | -002 0897 | 000 0985 | 007 0599 | 008 0468 | -010 0459 | 005 0635 | 005 0720
Pz 0.24 0.033 0.33 0.016 0.04 0.697 0.00 0.995 0.13 0.261 0.01 0.963 -0.04 0.726 0.08 0.572
Fz 013 0309 | 027 009% | 003 0813 | -007 0669 | 008 0532 | -010 0551 | -007 0600 | -0.04 0786
(S standard FCz -0.06 0.627 -0.26 0.082 0.15 0.202 -0.09 0.543 0.12 0.317 0.11 0.463 -0.06 0.598 0.02 0.896
§ latency Cz -0.07 0.552 -0.22 0.148 0.19 0.125 0.03 0.848 0.09 0.453 0.04 0.795 -0.09 0.451 -0.05 0.735
pz | 002 0876 | 00s 0790 | 011 0421 | 016 0356 | -012 0357 | 017 0314 | 009 0509 | -001 0961
Fz 0.05 0.715 -0.32 0.051 0.10 0.458 -0.12 0.458 0.11 0.394 0.16 0.344 -0.10 0.435 0.04 0.792
amplitude- 1700 ™ 508 o528 | 026 0078 | 019 0112 | 001 0941 | 012 0324 | 004 0809 | 015 0226 | 005 0747
latency Cz -0.04 0.729 -0.10 0.527 0.19 0.115 0.09 0.575 0.13 0.282 0.11 0.480 -0.16 0.196 -0.04 0.808
Pz 0.02 0.854 -0.04 0.825 -0.06 0.628 0.26 0.133 -0.08 0.543 0.22 0.188 -0.12 0.366 -0.17 0.318
Fz 013 0313 | 028 0079 | 015 0242 | -019 0259 | 014 0289 | -023 0167 | -019 0143 | 026 0116
FCz 0.12 0.329 -0.38 0.010 0.00 0.973 -0.11 0.474 0.03 0.783 0.18 0.244 -0.09 0.437 0.10 0.501
area cz | 023 0063 | 019 0212 | 008 0503 | -010 0507 | 014 0251 | 016 0295 | 001 097 | 008 0629
Pz 0.35 0.006 0.27 0.108 0.23 0.079 -0.02 0.929 0.31 0.015 0.03 0.884 -0.17 0.183 -0.01 0.954
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Supplementary Table 7. MMIN associations with neuropsychological screening. No significant associations were seen
between MMN waveform features and the MSNQ, HADS-A, or HADS-D.

MMN MSNQ HADS-A HADS-D

channel rho p rho p rho p
Fz 0.06 0.612 0.10 0.407 -0.19 0.132
peak FCz 0.13 0.305 -0.04 0.745 -0.12 0.334
amplitude Cz 0.11 0.365 -0.05 0.695 0.00 0.974
Pz 0.11 0.415 0.15 0.261 0.22 0.098
Fz -0.01 0.959 0.08 0.546 -0.11 0.396
mean FCz 0.07 0.560 -0.04 0.752 -0.03 0.779
amplitude Cz 0.02 0.875 -0.18 0.138 0.05 0.695
Pz 0.09 0.468 -0.04 0.730 0.21 0.082
Fz -0.14 0.277 0.00 0.992 -0.07 0.565
standard FCz -0.15 0.218 0.08 0.504 -0.07 0.603
latency Cz -0.04 0.749 0.09 0.468 -0.09 0.480
Pz -0.05 0.736 -0.03 0.834 -0.32 0.016
Fz -0.05 0.697 0.04 0.722 0.06 0.629
amplitude- FCz -0.18 0.140 0.10 0.445 -0.05 0.661

weighted

latency Cz -0.02 0.901 0.11 0.369 -0.15 0.236
Pz -0.07 0.587 0.02 0.856 -0.15 0.272
Fz 0.04 0.775 0.09 0.467 -0.18 0.158
FCz 0.16 0.206 0.00 0.995 -0.07 0.591
area Cz 0.03 0.788 -0.11 0.397 006 | 0644
Pz 0.08 0.536 0.12 0.365 0.28 0.035
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