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Summary (English)

Until now, biomarkers of multiple sclerosis (MS) fail to explain the clinico-radiological
paradox (CRP): the phenomenon that some people with MS show little or no symptoms despite
extensive damage to the central nervous system (CNS), while others, who only show minimal
CNS damage, exhibit extensive clinical disability. Yet, differences in neural plasticity could
help to explain this paradox. Neural plasticity can possibly be quantified by means of long-term
potentiation (LTP)-like plasticity. In that regard, previous research showed that quadripulse
stimulation (QPS), a repetitive transcranial magnetic stimulation (rTMS) protocol, induces
LTP-like plasticity with little fluctuation in healthy individuals. Hence, the aim of this thesis
was to investigate, whether the extent of QPS-induced LTP-like plasticity differs between
progressive subtypes of MS (PMS), stable relapsing-remitting MS (RRMS), and healthy
individuals and can thus, serve as a diagnostic und prognostic biomarker of MS, which is not
conflicted by the CRP.

Therefore, a study was conducted in which, n = 34 participants with PMS were matched in age,
sex and education with each n = 30 participants with RRMS and » = 30 healthy controls (HC).
LTP-like plasticity was induced by applying QPS at a frequency of 5 Hz for 30 minutes over
the left primary motor cortex and was measured at one pre-QPS and six post-QPS assessments
by means of the amplitude of 12 rTMS triggered motor evoked potentials (MEP) of the right
first dorsal interosseus muscle. To determine differences in the increment of LTP-like plasticity
between the three groups, the highest mean post-QPS MEP amplitude was compared with the
mean pre-QPS MEP amplitude in a multilevel mixed model. The analysis showed a significant
increase in MEP amplitude from pre-QPS to post-QPS assessment across all groups, p <.001.
However, this increment did not differ significantly between groups, p = .497. Yet, a non-
significant trend could be observed suggesting that individuals with PMS have a lower MEP
increment than individuals with stable RRMS and HC. Moreover, post-hoc analysis revealed
that across groups, participants with longer MEP latencies had significantly lower increments
in MEP amplitude, p <.001.

This thesis provides evidence that QPS is a powerful rTMS paradigm which is able to induce
LTP-like plasticity not only in healthy individuals, but also in individuals with different
subtypes of MS. However, there seems to be no difference in LTP-like plasticity between these
groups, which in light of the observed trends could be interpreted as a lack of statistical power
due to methodological limitations in the rTMS application. In addition, the degree of pyramidal
tract integrity as represented by MEP latency, seems to account for differences in LTP-like
plasticity. Thus, future studies should address these methodological limitations, for example
through an artificial intelligence-based personalized rTMS approach and the application of a
higher number of rTMS stimuli. Moreover, alongside MS subtype, the role of pyramidal tract
integrity should be investigated to determine the diagnostic and prognostic value of LTP-like
plasticity for MS progression, relapse and recovery.



Summary (German)

Bisher konnen die verfiigbaren Biomarker der Multiplen Sklerose (MS) das klinisch-
radiologische Paradox (KRP) nicht erkldren: Das Phinomen, dass einige Personen mit MS trotz
ausgeprigter Schiadigung des zentralen Nervensystems (ZNS) nur minimale oder keine
Symptome aufweisen, wahrend andere, die nur geringgradige ZNS-Schiadigungen zeigen, eine
erhebliche klinische Behinderung aufweisen. Unterschiede in der neuronalen Plastizitit
konnten dieses Paradox jedoch erkldren. Die neuronale Plastizitit ldsst sich dabei
moglicherweise elektrophysiologisch als Langzeitpotenzierung (LTP) quantifizieren.
Diesbeziiglich zeigten frithere Studien, dass die Quadripulse Stimulation (QPS), ein Protokoll
der repetitiven transkraniellen Magnetstimulation (rTMS), LTP-Plastizitdt mit nur geringen
Fluktuationen bei Gesunden induziert. Ziel dieser Doktorarbeit war es deshalb zu untersuchen,
ob sich das Ausmall der LTP-Plastizitdt zwischen progressiven Subtypen der MS (PMS),
stabiler schubformig remittierender MS (RRMS) sowie gesunden Personen unterscheidet und
damit als diagnostischer und prognostischer Biomarker der MS dienen kann, welcher nicht im
Widerspruch zum KRP steht.

Hierfiir wurde eine Studie durchgefiihrt in welcher » = 34 Probanden mit PMS in Alter,
Geschlecht und Bildungsgrad mit jeweils n = 30 Probanden mit stabiler RRMS und »n = 30
gesunden Kontrollen (HC) gematcht wurden. Die LTP-Plastizitit wurde durch 30-miniitige
QPS des linken priméren Motorcortex mit einer Frequenz von 5 Hz induziert und mittels einer
Pra-QPS und sechs Post-QPS rTMS Messungen anhand der Amplitude von je 12 motorisch
evozierten Potenzialen (MEP) des rechten Musculus interosseus dorsalis I gemessen. Um
Unterschiede im Anstieg der LTP-Plastizitit zu bestimmen, wurde die hochste gemittelte Post-
QPS MEP Amplitude mit der gemittelten Pra-QPS MEP Amplitude der drei Gruppen in einer
Mehrebenenanalyse verglichen. Die Analyse zeigte einen signifikanten, gruppen-
iibergreifenden Anstieg der MEP-Amplitude von der Prd- zur Post-QPS Messung, p < .001.
Dieser Anstieg wies jedoch zwischen den Gruppen keinen signifikanten Unterschied auf, p =
497. Allerdings konnte ein nicht signifikanter Trend beobachtet werden, der darauthin deutet,
dass Probanden mit PMS einen geringeren MEP-Anstieg aufweisen, als Probanden mit stabiler
RRMS und HC. Zudem zeigten Post-hoc-Tests, dass Probanden mit ldngeren MEP-
Latenzzeiten gruppeniibergreifend signifikant geringere Anstiege der MEP-Amplitude
aufwiesen, p <.001.

Die im Rahmen dieser Doktorarbeit durchgefiihrten Untersuchungen zeigten, dass QPS ein
starkes rTMS-Paradigma ist, das nicht nur bei gesunden Personen, sondern auch bei Personen
mit verschiedenen MS-Subtypen zuverldssig LTP-Plastizitdt induziert. Jedoch scheint es
zwischen diesen Gruppen keinen Unterschied in der LTP-Plastizitéit zu geben, was hinsichtlich
der beobachteten Trends als ein Mangel an statistischer Power aufgrund von methodologischen
Limitierungen in der rTMS-Applikation interpretiert werden konnte. Ferner scheint
insbesondere der Grad der Pyramidenbahnintegritdt, reprisentiert durch die MEP-Latenz, fiir
LTP-Plastizitits-unterschiede verantwortlich zu sein. Zukiinftige Studien, sollten diese
methodologischen Limitierungen zum Beispiel durch einen auf kiinstlicher Intelligenz
basierenden, personalisierten rTMS-Ansatz oder eine Erhéhung der rTMS Stimulus Anzahl
adressieren. Dariiber hinaus sollten neben den MS-Subtypen die Rolle der
Pyramidenbahnintegritit untersucht werden, um den diagnostischen und prognostischen Wert
der LTP-Plastizitét fiir das Fortschreiten, den Riickfall und die Genesung der MS zu bestimmen.
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1. Introduction

Multiple sclerosis (MS) is a debilitating autoimmune demyelinating disease of the
central nervous system (CNS), characterized by neuroinflammatory and neurodegenerative
processes (Kunze et al., 2023, Coupe et al., 2023, Cheriyan et al., 2012). As the most frequent
demyelinating disease, it affects about 108 individuals per 100000 people in Europe and about
2.8 million worldwide (Walton et al., 2020, Leray et al., 2016). The first manifestation occurs
in young adulthood and life expectancy is reduced by about 6-14 years (Leray et al., 2015,
Leray et al., 2016). Due to this high prevalence, early age of onset and progressive disabling
disease course, the damage for society and economy is severe (Romero-Pinel et al., 2022).

Progression of MS occurs either through reoccurring (relapse-associated),
inflammatory, grey and white matter lesions or relapse-independent neurodegenerative
processes (Lublin et al., 2022). Yet, the number of grey and white matter lesions depicted in
magnetic resonance imaging (MRI) poorly predict clinical symptoms (Uher et al., 2018,
Dunschede et al., 2023). This phenomenon is referred to as the clinico-radiological paradox
(CRP) (Mollison et al., 2017, Barkhof, 2002). The resolvement of the CRP is important, as MRI
of the brain and spinal cord are to date, the most prominent diagnostic and prognostic
biomarkers of MS (Thompson et al., 2018, Housley et al., 2015).

The concept of neuroplasticity could pose a solution to the CRP (Tremblay et al., 2023,
Stampanoni Bassi et al., 2019¢, Mori et al., 2014a). Through synaptic strengthening and
weakening by means of long-term-potentiation (LTP) and long-term depression (LTD),
neuroplasticity could compensate for functional and structural damages of the CNS
(Stampanoni Bassi et al., 2019¢, Stampanoni Bassi et al., 2019a, Massey and Bashir, 2007).
Conversely, when these compensatory mechanisms are depleted, CNS damage may express
itself in the form of progressing clinical symptoms (Stampanoni Bassi et al., 2019b, Mori et al.,
2013). Thus, neuroplasticity may be a suitable biomarker of MS (Snow et al., 2019).

Using non-invasive repetitive transcranial magnetic stimulation (rTMS), LTP- and
LTD-like plasticity can be assessed on a cortical level: cortical plasticity (Klomjai et al., 2015,
Barker et al., 1985). In the last decades, different rTMS protocols were designed that either
induce LTP- or LTD-like cortical plasticity (Klomjai et al., 2015). However, due to high
fluctuations in their ability to induce cortical plasticity, it cannot yet serve as a biomarker for
MS (Snow et al., 2019, Corp et al., 2020). A new rTMS paradigm, able to induce LTP- and
LTD-like cortical plasticity with only little fluctuations is quadripulse stimulation (QPS)
(Tiksnadi et al., 2020, Nakamura et al., 2016). Consequently, it needs to be investigated whether
the extent of QPS-induced cortical plasticity can serve as a Biomarker of MS.

This thesis focused on investigating, whether the extent of QPS-induced rapid onset
LTP-like plasticity differs between progressive subtypes of MS (PMS), stable relapsing-
remitting MS (RRMS), and healthy individuals and can thus, serve as a diagnostic und
prognostic biomarker of MS. Accordingly, the following chapters provide a detailed overview
of MS by means of its definition, epidemiology, classification, etiology and pathophysiology,
as well as the current state of its diagnostic and prognostic biomarkers. After that, the concept
and role of cortical plasticity, specifically LTP-like plasticity, will be introduced and LTP-like
plasticity induction through rTMS will be explained. Thereafter, the current state of rTMS
research in MS will be reviewed, leading to the abovementioned aim of this thesis.
Subsequently, the study design will be outlined and the results be presented. In the end, the
results will be summarized and discussed in light of current research in the field.



1.1 Multiple Sclerosis
1.1.1 Definition and Epidemiology

MS is the most frequent autoimmune demyelinating disease of the CNS that affects
about 2.8 million worldwide (Walton et al., 2020). Due to the heterogeneity in its clinical
manifestation and unpredictability in its progression, MS is often called the disease with 1000
faces (Gross et al., 2019, Engelhardt et al., 2022). Regarding the prevalence and incidence,
people who are living farther from the equator are more often affected than those, who are
living closer to it (Walton et al., 2020, Sabel et al., 2021). As with other autoimmune diseases,
women are more often affected than men (Koch-Henriksen and Sorensen, 2010), with a risk of
about 0.5 percent in females and 0.3 percent in males in the general population (Nielsen et al.,
2005). Compared to this general risk, siblings of afflicted individuals have a 3 — 14 percent risk
and monozygotic twins have a risk of about 30 percent to develop MS (Kuusisto et al., 2008,
Hansen et al., 2005). The mean age of onset is about 30 years and a typical first manifestation
is the opticus neuritis (Koch-Henriksen and Sorensen, 2010, Dobson and Giovannoni, 2019).
Other symptoms that may appear at onset or during the course of disease are paraesthesia,
paresis, cerebellar and vestibular symptoms, vegetative symptoms, fatigue, cognitive
dysfunction and psychiatric symptoms such as depression (Noseworthy et al., 2000, Doshi and
Chataway, 2017).
The diagnosis of MS, in this study, is based on the 2017 revised McDonald criteria, which
regard the clinical presentation, the dissemination of MRI grey and white matter lesions in space
(e.g. cortical, juxtacortical, cerebellar, periventricular, subtentorial, infratentorial or spinal cord
lesions) and time (e.g. gadolinium enhanced lesions next to unenhanced lesions or additional
lesions at different times of MRI assessment), as well as the presence of oligoclonal bands in
the corticospinal fluid (CSF) (Thompson et al., 2018). A revision of the diagnostic criteria is
currently underway and was presented at the European Committee for Treatment and Research
in Multiple Sclerosis Conference in 2024. Concerning the clinical presentation, MS usually
manifests itself in an attack, which is defined as the symptomatic aggravation lasting for at least
24 hours (Hauser and Cree, 2020). This attack is followed by a period of partial or full recovery
before a further attack occurs (Dobson and Giovannoni, 2019). By definition further attacks
have to be separated from a previous attack by at least 30 days to be counted as such (Hauser
and Cree, 2020). Nevertheless, apart from the course of recuring attacks, progressive disease
courses at the time of onset or after an initial period of attacks are also common, resulting in
the current classification of MS (Lublin et al., 2014).

1.1.2 Classification

According to clinical consensus, there are four different MS phenotypes: RRMS,
primary progressive multiple sclerosis (PPMS), secondary progressive multiple sclerosis
(SPMS) and the clinical isolated syndrome (CIS) (Lublin et al., 2014, Lublin et al., 2020).
RRMS is the most frequent type of MS, accounting for about 70 to 85 percent of the cases
(Noseworthy et al., 2000, Hunter, 2016, Broos et al., 2024). RRMS is dominated by
inflammatory processes and characterized by attacks of neurologic symptoms that may either
be new or regressing (Papiri et al., 2023, Lublin et al., 2014, Lublin and Reingold, 1996). These
attacks are followed by periods of full or partial recovery, in which no further disease
progression is taking place (Vavasour et al., 2022, Lublin and Reingold, 1996, Lublin, 2014).



As stated by Trojano et al. (2003) approximately 90% of the individuals suffering from
RRMS convert to SPMS about 20-25 years after its manifestation. SPMS is dominated by
neurodegenerative processes such as axonal injury and neuronal loss (Vavasour et al., 2022,
Broos et al., 2024). Therefore, it is characterized by a steady progression of MS symptoms after
an initial relapsing remitting disease course (Lublin et al., 2014, Lublin and Reingold, 1996).
Yet, although attacks and (partial) remission from these attacks can also be observed in SPMS,
they do not appear in all individuals (Papiri et al., 2023, Lublin et al., 2014, Lublin and
Reingold, 1996).

Another progressive type of MS which is dominated by neurodegenerative processes
and activation of the innate immune system of the CNS is PPMS (Vavasour et al., 2022, Papiri
etal., 2023, Lublin et al., 2014). Contrary to SPMS, PPMS does not occur after an initial RRMS
disease course, but is characterized by disease progression from onset (Lublin et al., 2014,
Lublin and Reingold, 1996). Yet, the underlying pathologic mechanism of SPMS and PPMS
seems to be similar (Lublin et al., 2014). Overall, PPMS seems to account for 15 to 20 percent
of MS cases (Papiri et al., 2023, Hunter, 2016).

An early form, which is considered to be part of the RRMS spectrum and characterized
by (multi-)focal inflammation, is CIS (Lublin et al., 2014). According to Thompson et al.
(2018), CIS is defined as a monophasic event, in which an individual describes neurologic
symptoms for the duration of at least 24 hours that are accompanied by focal or multifocal
demyelinating lesions in the CNS but does not fulfil the diagnostic criteria for MS. Furthermore,
about 2/3 of the affected individuals progress to RRMS, while about 1/3 remain in an inactive
state (Brownlee and Miller, 2014). Due to this, CIS is often considered as the first attack of a
RRMS disease course (Thompson et al., 2018, Lublin et al., 2014).

1.1.3 Etiology and Pathophysiology

The etiology and pathophysiology of MS is complex and up until now the subject of
research and debate (Attfield et al., 2022). Thus, the following chapter solely aims to give a
brief overview of these topics without aiming for a complete coverage. Regarding the etiology,
MS is considered to be a multifactorial disorder in which the interaction of an individual’s
genetic predisposition with environmental factors, cause the disease to emerge (Olsson et al.,
2017). In this respect, the most important genetic predisposition lies within certain variations
of the human leukocyte antigen class I (HLA II) allele (Moutsianas et al., 2015). For example,
according to Moutsianas et al. (2015), heterozygotes for HLA-DRB1*15:01 have an about
fourfold increased risk and homozygotes have an about eightfold increased risk of developing
MS. Conversely, the same authors showed that certain variations of the HLA class I allele such
as HLA-A*02:01 provide protection of MS (Moutsianas et al., 2015). Concerning
environmental factors, the Epstein- Barr virus (EBV) is considered to be involved in the
emergence of MS either through direct causation of autoimmunity or through the interaction of
EBV with predisposing human genes (Aloisi et al., 2023). Other environmental factors
supposed to be involved in the etiology of MS are high calory nutrition, obesity, smoking and
low vitamin D levels (Nielsen et al., 2017, Jacobs et al., 2021).

Regarding the pathophysiology, MS is characterized by autoimmune inflammatory
reactions which cause the disruption of the blood-brain barrier, focal demyelination of axons,
death of oligodendrocytes in the white and grey matter as well as axonal and neuronal loss in
the CNS (Zierfuss et al., 2024, Lassmann, 2014, Dendrou et al., 2015). The affected areas of



the CNS are referred to as lesions or plaques within which astrocytes form multiple sclerotic
glial scars (Dendrou et al., 2015). After the initial inflammatory reaction has subsided,
remyelination of previously demyelinated axons can take place (Patani et al., 2007). However,
throughout the disease course the degree of remyelination decreases and axonal and neuronal
damage accumulate, correlating with degree of sustained disability (Dendrou et al., 2015).

While all phenotypes of MS are characterized by inflammation of the CNS, the acute
disruption of the blood-brain barrier with acquisition of new lesions and remyelination is the
main feature of RRMS (Lassmann, 2018, Correale et al., 2017). By contrast, progressive forms
of MS (PPMS and SPMS) are mostly characterized by the expansion of already existing lesions,
resulting in diffuse white matter injury (Elliott et al., 2019). In addition, progressive subtypes
show the formation of meningeal inflammatory aggregates, subpial cortical demyelination and
brain atrophy (Lassmann, 2018).

The inflammation in multiple sclerosis is induced and maintained by different immune
cells such as T-cells, B-cells, macrophages and microglia (Dendrou et al., 2015). Yet, MS is
viewed as a mainly T-cell mediated autoimmune disease due to its association with specific
HLA class II alleles and the experimental autoimmune encephalopathy in animal models
(Weiner, 2004, Sorosina et al., 2023, Fletcher et al., 2010). Further evidence, for MS being a
T-cell mediated disease arises from the fact that pharmacotherapy that supresses the migration
of T-cells in the CNS such as natalizumab and fingolimod are effective in the treatment of MS
(Stuve et al., 2006, Dominguez-Villar et al., 2019). Concerning the inflammatory processes,
CD4+ and CD8+ T-cells are migrating across the disrupted blood-brain barrier into the CNS
and release proinflammatory cytokines such as interferon gamma and cytotoxic granzyme B
(van Nierop et al., 2017, Dias de Sousa et al., 2022, Dendrou et al., 2015). In addition,
proinflammatory cytokines activate microglia that damage and destroy oligodendrocytes
through oxidative bursts (Lassmann et al., 2012, Dendrou et al., 2015). The arising
demyelination causes a dysregulation of ion-channels and oxidative stress within the
mitochondria in affected axons, leading to axonal damage (Lassmann et al., 2012). The
resulting axonal and cellular debris then lead to a recruitment of further immune cells such as
macrophages and B-cells, which in turn cause cytotoxicity through complement reaction and
autoantibodies (Lassmann et al., 2012, Franciotta et al., 2008). Concerning the B-cells,
especially CD20+ cells are assumed to play a vital role in MS pathology (Lassmann, 2018),
which is supported by the effectiveness of CD20+ depleting agents such as ocrelizumab and
rituximab (Roos et al., 2023, Franciotta et al., 2008). Results of these pathophysiological
immune reactions, such as, oligoclonal bands and the monocyte to lymphocyte ratio in the
cerebrospinal fluid serve as important laboratory biomarkers in the diagnosis and prediction of
MS progression (Arneth and Kraus, 2022, Huang et al., 2022).

1.1.4 Biomarkers

According to the FDA-NIH Biomarker Working Group (2016), a biomarker is defined
as a molecular, histologic or imaging feature that serves as an indicator of healthy or pathogenic
biological processes and response to treatment. Thereby, seven types of biomarkers can be
distinguished: risk-, diagnostic-, monitoring-, prognostic-, predictive-, treatment response- and
safety biomarker (FDA-NIH Biomarker Working Group, 2016, Cagney et al., 2018). Among
the many candidate biomarkers of MS that have been identified over the past years, only few
could be established that serve as a diagnostic tool in MS subtype identification and a monitor



of disease status as well as clinical response to treatment (Housley et al., 2015). Yet, due to the
heterogeneity of the clinical representation of MS, these diagnostic and monitoring biomarkers
are highly needed (Arneth and Kraus, 2022). Besides the aforementioned oligoclonal bands,
the number and size of white and grey matter lesions assessed through MRI are one of the most
important diagnostic, monitoring and response biomarkers of MS (Thompson et al., 2018,
Housley et al., 2015). However, although examination of the structural integrity of the CNS has
been proven beneficial in the diagnosis of MS (Thompson et al., 2018), it fails to explain what
is called the CRP (Barkhof, 2002): the phenomenon that some individuals with MS present
themselves with no or few clinical symptoms, although grey and white matter damage is
striking and vice versa (Mollison et al., 2017, Dunschede et al., 2023, Barkhof, 2002). Thus,
there seems to be a gap between structural integrity and functionality of the CNS. This gap
could be closed by the concept of brain reserve, which can be defined as the degree of cortical
plasticity that allows the CNS to compensate for neural damages (Tremblay et al., 2023,
Machado et al., 2021, Esiri and Chance, 2012). Accordingly, the depletion of the brain reserve
by means of a reduced cortical plasticity may cause loss of CNS functionality and MS
progression (Mori et al., 2013). Consequently, introducing the degree of cortical plasticity as a
surrogate biomarker for MS may, among other things, help diagnosing the individual’s subtype
of MS, evaluate their risk of disease progression and response to treatment. Regarding cortical
plasticity, LTP-like plasticity, seems to play a crucial role in MS, due to its ability to
compensate for neuronal and axonal loss through increased excitation and reconnection of the
remaining neurons (Stampanoni Bassi et al., 2017, Stampanoni Bassi et al., 2019b).

1.1. The Role of LTP-Like Cortical Plasticity

LTP-like cortical plasticity has many facets, but in essence can be defined as the
increment of synaptic signaling and strengthening after synchronized high frequency
stimulation of glutaminergic neurons in the CNS (Nicoll and Roche, 2013). Although there are
many mechanisms through which LTP-like plasticity is facilitated, the most prominent way is
the glutaminergic excitement of N-Methyl-D-Aspartate (NMDA) receptors, which results in an
influx of calcium ions (Lu et al., 2001). This influx causes the activation of kinases, which lead
to the recruitment of o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors to the synapse (Luscher and Malenka, 2012, Lu et al., 2001). The counterpart of LTP
is LTD, which is defined as the decrement of synaptic glutaminergic signaling after low
frequency neuronal stimulation and is associated with endocytosis of AMPA receptors (Hanley,
2018).

The degree of LTP-like cortical plasticity seems be affected by MS. For example, Mori
et al. (2014a) demonstrated that LTP-like plasticity is reduced in MS patients with partial or
absent recovery after an MS attack, but not in those with full recovery. In this context,
Stampanoni Bassi et al. (2019b) revealed that the reduction in LTP-like plasticity in individuals
with RRMS correlates with high levels of pro-inflammatory cytokines such as interleukin-6.
Moreover, according to the authors, interleukin-6 is elevated in the CSF of RRMS patients with
newly acquired lesions and those with longer disease duration before treatment commencement
(Stampanoni Bassi et al., 2019b). This suggests that LTP-like plasticity might be a predictor of
lesion load and disease activity. Further support for this claim comes from studies, showing that
elevated interleukin-1P levels in the CSF of individuals with RRMS and elevated tumor
necrosis factor-o (TNF-a) levels in the CSF of individuals with PMS are associated with



glutaminergic excitotoxicity and neurodegeneration and reduced LTP-plasticity (Rossi et al.,
2014, Rossi et al., 2012, Rizzo et al., 2018) In addition, a meta-analysis conducted by Karimi
et al. (2022) revealed that brain-derived neurotropic factor (BDNF), which is irremissible in the
maintenance of LTP (Vignoli et al., 2016), is reduced in the plasma of MS patients.

Consequently, it seems that the degree of LTP-like cortical plasticity reflects the amount
of neuroinflammation and neurodegeneration in individuals with MS. Therefore, it could be
proposed that LTP-like cortical plasticity represents an eligible biomarker, for the diagnosis of
MS subtype, prediction of MS progression and response to treatment. A way to non-invasively
induce LTP in humans is rTMS (Taylor et al., 2018, Agboada et al., 2020).

1.2 Transcranial Magnetic Stimulation

1.2.1 Basic Principles

Since the 1980s, the conductance of non-invasive brain stimulation, especially of the
primary motor cortex (M1), using transcranial magnetic stimulation (TMS) gained increasing
popularity in brain research (Miron et al., 2021). TMS facilitates brain stimulation through the
discharge and conductance of a brief electromagnetic current through the skull, which causes a
depolarization of the neurons in the target area (Barker et al., 1985). The propagation of this
evoked excitation results in neurophysiological and behavioral changes, making TMS a
powerful tool to assess CNS functionality (Martel and Glover, 2023, Agboada et al., 2020). In
that regard, single pulse TMS, a stimulation pattern in which an electromagnetic pulse is
released at an interval between four to eight seconds (s), is frequently used (Klomjai et al.,
2015, Jannati et al., 2023). For example, applied over the M1, single pulse TMS causes a
depolarization of pyramidal neurons either directly or indirectly through the depolarization of
local interneurons (Terao et al., 2000, Rusu et al., 2014, Hamada et al., 2013). This
depolarization is then propagated along cortico-cortical and corticospinal pathways and results
in a contraction of the targeted contralateral muscle (Klomjai et al., 2015, Ferreri et al., 2011,
Barker et al., 1985). Using electromyography (EMQ), this muscle contraction can be assessed
by means of motor evoked potentials (MEPs) (Klomjai et al., 2015, Barker et al., 1985). In this
respect, studies revealed that TMS evoked MEPs are a suitable measure to assess corticospinal
and cortico-cortical tract integrity in humans (Manogaran et al., 2016, Jannati et al., 2023).

Unlike single pulse TMS, which is used to investigate the functionality of the brain as
described above, rTMS is used to induce transient changes in neuronal excitability through
changes in cortical plasticity (Klomjai et al., 2015). rTMS induces these changes through the
generation of a series of brief electromagnetic pulses, which depending on the frequency
measured in hertz (Hz), result in either LTP (> 5 Hz) or LTD (< 1 Hz) (Fitzgerald et al., 2006).
With regard to the stimulation of the M1, LTP is reflected by an increment and LTD by a
decrement in the MEP amplitude (Delvendahl et al., 2012). These changes through rTMS are
generally referred to as after effects (Klomyjai et al., 2015). The duration of these after effects
depend on many factors such as the stimulation intensity (Lang et al., 2006), stimulation
frequency (Klomjai et al., 2015), the number of stimuli (Gilio et al., 2007) and the degree of
contraction of the target muscle during stimulation (Fujiwara and Rothwell, 2004). The
stimulus intensity is traditionally based on the resting motor threshold (RMT) (Turi et al., 2021),
or on the active motor threshold (AMT) (Turi et al., 2021). To this respect, RMT is defined as
the lowest stimulation intensity resulting in an MEP bigger than, or equal to 50 microvolts (LV)
in 5 out of 10 trials of single pulse stimulation (Rothwell et al., 1999). Similarly, AMT is



defined as the lowest stimulation intensity resulting in an MEP of > 100uV in 5 out of 10 single
pulse stimulation trials during slight target muscle contraction (Muellbacher et al., 2000, Di
Lazzaro et al., 2000). In general, LTP and therefore MEP increments are facilitated when the
stimulation intensity (van den Bos et al., 2017), the stimulation frequency (Fitzgerald et al.,
2006) as well as the number of stimuli is high (Gilio et al., 2007) and when the stimulus is
preceded by contractions of the target muscle (van den Bos et al., 2017). Conversely, LTD and,
therefore, MEP decrements are only occurring when the target muscle is at rest (Goldsworthy
et al., 2015) and facilitated when the < 1 Hz stimulus is preceded by a high frequency sub-
threshold stimulus (Iyer et al., 2003).

The summation of these stimulation characteristics is specified in a rTMS protocol
(Klomjai et al., 2015). Over the past years, different LTP inducing rTMS protocols have
emerged and been applied to plasticity research (Wittkopf et al., 2021, Uygur-Kucukseymen et
al., 2023). In the search for new MS biomarkers, these protocols show high potential, because
they are not only non-invasive (Barker et al., 1985), timesaving and inexpensive (Voigt et al.,
2017), but also facilitate the real time mapping of the CNS functionality through the assessment
of cortical excitability in relation to clinical symptoms by means of e.g., MEP amplitude and
MEP latency (Mori et al., 2013). The latter is defined as the time interval between the
application of the TMS stimulus and MEP onset and therefore, represents the corticomotor
conductance time of the pyramidal tract (Groppa et al., 2012, Cacchio et al., 2011).

1.2.2 rTMS Protocols and LTP-like Plasticity Induction in MS

In this paragraph, three of the most frequently used rTMS protocols of the M1 and their
role in LTP-like plasticity induction in MS will be presented. A commonly used rTMS protocol
in the stimulation of the M1 is paired associative stimulation (PAS) (Suppa et al., 2017, Stefan
et al., 2000). This protocol is characterized by the pairing of repetitive electrical stimulation of
somatosensory afferents such as the median nerve with rTMS of the contralateral M1 (Stefan
et al., 2000). Due to the stimulation of two targets, the after effects of PAS are based on spike-
timing-dependent plasticity (Miiller-Dahlhaus et al., 2010, Hernandez-Pavon et al., 2023a).
This means that due to the delay of the afferent stimulus transmission compared to direct
stimulation of the first M1, LTP-like or LTD-like after effects depend on the timing between
the two stimuli: the interstimulus interval (ISI) (Stefan et al., 2000, Hernandez-Pavon et al.,
2023a). If the stimulation results in a synchronous activation of neurons in the M1, that is ISI
of about 25 milliseconds (ms), PAS induces LTP (Suzuki et al., 2023). However, if the
stimulation is asynchronous, that is ISI of 10 ms or less, PAS induces LTD (Weise et al., 2013).

Regarding MS plasticity research, Zeller et al. (2010) demonstrated that there was no
difference in LTP-like plasticity between individuals with stable MS and healthy controls (HC)
after the application of PAS to the M1 with an ISI of 25 ms. However, this null-finding may be
due to the overall mildly affected sample of individuals with stable MS in which
neurodegenerative und inflammatory processes that impede LTP-like plasticity are not as
pronounced (Stampanoni Bassi et al., 2019b, Rossi et al., 2014). Indeed, using a similar
protocol, Mori et al. (2014a) demonstrated that the application of PAS to the M1 resulted in
higher degrees of LTP-like plasticity in individuals with stable RRMS compared to those, who
were in relapse or partial remission. Yet, Conte et al. (2009) did not find differences in PAS-
induced LTP-like plasticity between individuals with SPMS and individuals with RRMS or HC
and Conte et al. (2016) found a reduced PAS-induced LTP-like plasticity in individuals with



RRMS. While these findings may have been influenced by small sample size and lacking
power, a general problem with PAS and other rTMS protocols is the high number of non-
responders as well as a high degree of variability and thus, low intra- and interindividual
reliability (Minkova et al., 2019, Guerra et al., 2020a, Fratello et al., 2006).

Another frequently used rTMS protocol in MS research is theta burst stimulation (TBS)
(Huang et al., 2005). TBS is a high frequency protocol of 50 Hz, in which a train of three TMS
bursts is applied at an ISI of 5 Hz (Huang et al., 2005), mimicking the natural hippocampal
theta rhythm of 4 to 7 Hz (Ford et al., 1970, Diamond et al., 1988). According to Huang et al.
(2005), two forms of TBS can be distinguished: LTD inducing continuous TBS (cTBS) and
LTP inducing intermittent TBS (iTBS). While cTBS follows the pattern described above, iTBS
is interspersed with ten second breaks after administration periods of two seconds (Huang et
al., 2005). An advantage compared to other rTMS protocols is that TBS can produce large LTP-
like effects after two to three minutes of administration (Huang et al., 2005), compared to 30
minutes in e.g. PAS protocols (Stefan et al., 2000), making it more “patient friendly”.

Concerning MS plasticity research, Mori et al. (2013) demonstrated that iTBS induces
equal degrees of LTP-like plasticity in HC and mildly affected individuals with stable RRMS.
These findings are concordant with those of Zeller et al. (2010) and may provide further
evidence that neuroinflammation und neurodegenerative processes that disturb LTP-like
plasticity are not prominent in the early and stable phases of the RRMS disease course
(Stampanoni Bassi et al., 2019b, Rossi et al., 2014). In line with that assumption, Mori et al.
(2012) demonstrated that individuals with RRMS who were in relapse showed lower degrees
of LTP-like plasticity in response to iTBS, than stable RRMS individuals and that this
difference wore off after six months. Moreover, Mori et al. (2013) demonstrated that compared
to individuals with stable RRMS and HC, individuals with PPMS had significantly lower
degrees of LTP-like plasticity. Taken together, these findings suggest that TBS might in fact
detect clinical progression in MS, which should further be investigated through longitudinal
research.

However, Mori et al. (2013) also demonstrated paradox TBS results in which ¢TBS
resulted in LTD-like plasticity in HC and LTP-like plasticity in individuals with stable RRMS.
This might lead to the conclusion that plasticity in MS is not reduced, but rather dysregulated.
Yet, it has to be taken into account that TBS is, like PAS, characterized by a high non-responder
rate, as well as low interindividual and moderate intraindividual reliability, which can result in
fluctuating and conflicting results (Corp et al., 2020). Nevertheless, for rTMS to be a suitable
biomarker for MS, measurements need to be reliable and valid (Mayeux, 2004). However, new
protocols aiming to solve these problems are already on the rise.

Such a promising TMS protocol is quadripulse stimulation (QPS). QPS was first
introduced by Hamada et al. (2007) and consists of the repetitive application of trains of four
monophasic TMS stimuli. Like TBS and PAS, QPS is assumed to induce LTP-like plasticity in
the M1 mainly through the activation of glutamatergic excitatory synapses (Matsumoto and
Ugawa, 2020). In that regard, Hamada et al. (2008) showed that the application of 360 QPS
bursts at the left M1 with a stimulus intensity of 90 percent AMT over the period of 30 minutes
at an ISI of five ms (200 Hz) and an interburst interval (IBI) of five seconds (0.2 Hz) induced
a powerful increase of MEPs of the left first dorsal interosseus muscle for 75 minutes (Hamada
et al., 2008). Moreover, it could be demonstrated, that QPS induces higher degrees of LTP-
induction in HC than iTBS, with less variability and lower non-responder rates (Tiksnadi et al.,
2020, Nakamura et al., 2016). Therefore, QPS might be a suitable instrument to reliably assess
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LTP-like cortical plasticity in MS patients and serve as a biomarker for the diagnosis of MS
subtype, disease progression and response to treatment.

Indeed, within our research group, Balloff et al. (2022), recently demonstrated in an
RRMS sample that QPS-induced increments in MEP amplitude significantly negatively
correlated with scores on the expanded disability status scale (EDSS) and significantly
positively correlated with the degree of visuospatial short-term memory and learning as well as
information processing speed. In this context, it was found that while the overall mildly affected
RRMS sample did show normal degrees of LTP-like plasticity, cognitively impaired RRMS
individuals did not (Balloff et al., 2022). To that respect, it was demonstrated that individuals
with RRMS who showed higher degrees of cognitive impairment had lower increments in MEP
amplitude and thus, showed lower degrees of LTP-like plasticity than those, who were less
cognitively impaired (Balloff et al., 2022). These findings suggests that QPS-induced LTP-like
plasticity can detect clinical aggravation in MS. However, a subsequent study by our research
group, showed no significant difference in QPS-induced LTP-like plasticity between HC,
individuals with stable RRMS and individuals with RRMS, who were in relapse (Balloff et al.,
2023b). Yet, in that study, non-significant trends showed, that compared to the other groups,
relapsing individuals had a lower and slower increase in MEP amplitude and thus, impaired
LTP-like plasticity (Balloff et al., 2023b). In addition, due to the fact that assessment of Balloff
et al. (2023b) took place with an average delay of 21 days after relapse onset and after
therapeutic intervention, the inflammatory reaction that impedes LTP-like plasticity may have
already been attenuated in some individuals (Steinman, 2014). This, in conjunction with the
medium sample size of 18 individuals per group may have resulted in insufficient power to
demonstrate an effect. Another finding by our research group that seems somewhat paradox is
that a subgroup of relapsing RRMS individuals who presented disability had significantly
higher MEP amplitudes and thus, higher degrees of LTP-like plasticity than a subgroup of
relapsing RRMS individuals without disability (Balloff et al., 2023b). The hypothesis that this
finding may have been caused by excitotoxicity and therefore increased glutamate release was
discarded by the authors, because MEP amplitudes of disabled individuals did not exceed those
of healthy individuals (Balloff et al., 2023b). However, given the observed trends, another way
of interpretation could be that excitotoxicity in an overall LTP-like plasticity impaired group of
disabled relapsing individuals increased MEP-amplitudes to a normal level (Sarchielli et al.,
2003, Rossi et al., 2012, Abdel Naseer et al., 2020).

Taken together, QPS-induced LTP-like plasticity seems to be a promising candidate
biomarker of MS. Still, previous findings are limited to RRMS samples and need to be
replicated due to partly insufficient power. In addition, findings provided by other rTMS
protocols on the degree of LTP-like cortical plasticity in individuals with PMS have so far been
inconsistent and are based on underpowered study designs (Mori et al., 2013, Conte et al.,
2009). However, to introduce QPS-induced LTP-like plasticity as a diagnostic, prognostic and
monitoring biomarker for MS, its ability to distinct between other subtypes of MS, including
PMS, needs to be investigated (Cagney et al., 2018).

1.3 Aims and Hypotheses

This thesis project was based on an ongoing longitudinal research project focussing on
changes in cortical plasticity, as well as cognitive functioning and motor functioning in MS
patients over time. Due to its longitudinal design, this research project was, and still is, the



subject of other doctoral theses. All of these theses had or still have their own research
questions, aims and hypotheses.

The aim of this thesis was to investigate whether QPS-induced LTP-like plasticity can
discriminate between individuals with PMS and RRMS, as well as healthy individuals, in order
to establish its suitability as a biomarker of MS. For that purpose, a study containing a QPS
protocol which was based on Hamada et al. (2008), but in accordance with Nakamura et al.
(2016), used an extended assessment time of LTP-like cortical plasticity, was conducted across
three groups of participants: PMS, stable RRMS and healthy individuals. LTP-like plasticity
was measured at one pre-QPS and six post-QPS assessments by means of the amplitude of 12
rTMS triggered MEPs of the right first dorsal interosseus muscle (FDI). To determine
differences in the increment of LTP-like plasticity between the three groups, the highest mean
post-QPS MEP amplitude was compared with the mean pre-QPS MEP amplitude. Moreover,
to assess the degree of disability and other traits associated with reduced cortical plasticity, this
protocol was accompanied by a neurological examination and a neuropsychological test battery
as well as the assessment of the corticomotor conductance time by means of the MEP latency.

In line with the previous findings of our research group, published by Balloff et al.
(2022) and Balloff et al. (2023b), differences in QPS-induced LTP-like plasticity were not
expected to differ between healthy individuals and mildly affected stable RRMS individuals.
The reason behind this assumption is that inflammatory as well as neurodegenerative processes
interfering with LTP-like plasticity in the latter group are less extensive (Stampanoni Bassi et
al., 2019b, Luchetti et al., 2018). Conversely, neurodegenerative processes as well as chronic
inflammation have been shown to be prominent in individuals with PMS (Luchetti et al., 2018,
Kallaur et al., 2017). Hence, it was assumed that individuals with PMS show lower degrees of
QPS-induced LTP-like plasticity compared to individuals with both, mildly affected stable
RRMS and healthy individuals. Based on these assumptions, the following hypotheses (H) were
stated:
1. QPS induces cortical plasticity in all groups (H1).
2. Individuals with stable RRMS do not differ in their degree of QPS-induced LTP-like
plasticity from healthy individuals (H>).
3. Individuals with PMS have lower degrees of QPS-induced LTP-like plasticity than
individuals with stable RRMS (H3.) and healthy individuals (Hap).

2. Methods

2.1 Ethical Approval and Data Protection

The ethics committee of the medical faculty of the University of Diisseldorf approved
the study on the 5% of May 2018 under the reference number 2018-16. In accordance with the
declaration of Helsinki, all subjects gave their written informed consent prior to their
participation in this study. Moreover, all participants signed a data use agreement, conforming
with the European General Data Protection Regulation.

2.2 Participants

2.2.1 Participant Characteristics

In this interventional, cross-sectional, prospective study » = 34 individuals with PMS
(PPMS: n = 14, SPMS: n = 20) were matched in age, sex and education with » = 30 HC and »
= 30 individuals with RRMS. Diagnosis of MS subtype and the allocation to a subgroup of MS
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(RRMS, PPMS and SPMS) was based on the 2017 revised McDonald criteria (Thompson et
al., 2018). Across this entire sample of N = 94 participants, age ranged between 30 and 70 years
with M = 49.72 years (SD = 8.33) and Mdn = 51 years (IQR = 11.75). Moreover, n =48 (51.06
%) of the sample were female and n = 46 (48.94 %) were male, with an overall length of
education of M = 15.98 years (SD = 2.94) and Mdn = 16 years (IQR =5.5).

If needed, all participants received a free parking ticket for on campus parking and no
other financial reward was given for participation. However due to the lack of HC above the
age of 40, a reward of 30 Euros was offered from March 2021 onwards for participants meeting
these characteristics (n = 7). The inclusion and exclusion criteria, the procedure of the
recruitment of eligible participants, as well as the matching of participants is discussed in detail
in the corresponding sections below.

2.2.2 Inclusion and Exclusion Criteria

The selection of eligible participants was based on predefined inclusion/exclusion
criteria and is depicted in Figure 1. The inclusion criteria were (1) being between the age of 18
and 80 years, (2) sufficient knowledge of the German or English language, (3) having sufficient
or sufficiently corrected visual acuity to read instructions and absolve neuropsychological
testing and (4) confirmed diagnosis of multiple sclerosis of the RRMS, PPMS or SPMS
subtype, according to the 2017 revised McDonald Criteria (Thompson et al., 2018). Exclusion
criteria were assessed using a standardized questionnaire, which also contained items from the
TMS safety screener developed by Rossi et al. (2011). Exclusion criteria included, A) the lack
of the individual’s general ability to give informed consent: (1) age under 18 and (2) having a
legal guardian. B) any contraindications for rTMS as stated by Di lorio and Rossini (2017) and
Wassermann (1998): (3) being pregnant, (4) having epilepsy or a history of seizures, (5) having
had unexplained syncope, (6) having or having had a concussion, (7) having or having had
meningitis, (8) having or having had a brain tumour or stroke, (9) having any kind of metal
implants or fragments in brain or skull, (10) having any deep brain stimulating device, cardiac
pacemaker or cardioverter defibrillator, (11) having any kind of non-detachable infusion pump,
(12) having a cochlear implant or (13) having experienced any adverse events linked to previous
TMS treatment or MRI. C) any medical condition or intake of any medication/substance
resulting in altered brain excitability, which might interfere with the experimental
manipulation: (14) having a neurological illness other than RRMS, PPMS or SPMS (Bologna
et al., 2017, Kuhn et al., 2004), (15) having experienced an MS relapse less than 30 days prior
to assessments (Wirsching et al., 2018), (16) having any psychiatric disorder requiring
treatment at the time of assessment (Radhu et al., 2013), with the exception of remitted
depressive episodes, due to high prevalence of this condition in individuals with MS
(Boeschoten et al., 2017), (17) any kind of substance abuse or substance use disorder (Kaarre
et al., 2018, Martin-Rodriguez et al., 2021), (18) regular intake of dextromethorphan or
nimodipine (Wankerl et al., 2010) and (19) intake of triptans less than two weeks prior to
assessment (Becerra et al., 2016). However, consistent with the previous research of our
research group (Balloff et al., 2022), even if the abovementioned criteria for participation were
satisfied, individuals were excluded, when they did not show sufficient cortical excitability,
defined as a mean MEP amplitude of ~ 0.5 mV after ten consecutive trials of TMS prior to
baseline assessment (Tsutsumi et al., 2014).
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Approached for participation (V= 811): Healthy individuals (» = 63):

Healthy individuals (n = 172) - Refused Participation due to personal reasons (n = 29)
Individuals with MS (n = 639) - Did not schedule an appointment for assessment (n = 32)
- Others (n=2)

Individuals with MS (n = 321):
- Refused Participation due to personal reasons (n =261)
- Did not schedule an appointment for assessment (n = 57)

Tested for eligibility (V= 427): - Others (n=3)
Healthy individuals (n = 109)
Individuals with MS (n =318) .
Healthy individuals (r = 22):
- Contraindications for rTMS or characteristics, resulting in altered brain excitability (n = 22)
Individuals with MS (n = 181):
- Did not meet the McDonald criteria (n = 58)
. . - Contraindications for rTMS or characteristics, resulting in altered brain excitability (rn = 96)
Eligible participants (V = 224): - Too disabled to realize assessment in an outpatient setting (n = 14)
- HC(@n=87) - Insufficient knowledge of the German or English language (n = 13)
- RRMS (n =90)
- PMS=(n=47)
-PPMS (n=19) HC (n=2):
- SPMS (n =28) - Drop-out during TMS assessment (n =2)
RRMS (2 = 5):
- Examination terminated because MEP of at least 0.5 mV could not be evoked (n = 4)
- Drop out after completion of the neuropsychological assessment (n = 1)
Completion of assessment (V= 205): PMS (n = 12):
- HC@#n=85) - Examination terminated because MEP of at least 0.5 mV could not be evoked (r =9)
- RRMS (n =85) - Drop-out during TMS assessment (n =3)
- PMS=@®m=35)
-PPMS (n=15) HC (n = 55):
- SPMS (n = 20) - Error in data collection (n = 6)
- No matching participant (n = 48)
- Reported substance use after assessment (n = 1)
RRMS ( = 55):
Matched sample (V= 94): - Error in data collection (n = 3)
- HC@®m=30) - No matching participant (n = 38)
- RRMS (n=30) - Recalled MS-unrelated central nervous system affection (n = 4)
- PMS=@m=34) - Patient was measured during relapse (n = 10)
- PPMS (n = 14) PMS (n=1):
- SPMS (n = 20) - Recalled MS-unrelated central nervous system affection (n = 1)

Fig. 1: Selection Process and Matching of Participants.

This flowchart depicts the selection process and matching of participants. The selection was based on predefined
inclusion and exclusion criteria. Firstly, inpatients, outpatients and healthy individuals were approached for their
willingness to participate. When they expressed their interest, they were tested for eligibility. In addition, the MS
diagnosis and subgroup membership of individuals with MS was confirmed by a clinical examination. Matching
of participants in age, sex, as well as level and years spent in education, resulted in the final sample. Abbreviations:
HC, healthy controls; MEP, motor evoked potential; MS, multiple sclerosis; PMS, progressive multiple sclerosis;
PPMS, primary progressive multiple sclerosis; RRMS, relapsing remitting multiple sclerosis; SPMS, secondary
progressive multiple sclerosis; TMS, transcranial magnetic stimulation. Note. Adapted from “The importance of
pyramidal tract integrity for cortical plasticity and related functionality in patients with multiple sclerosis” by C.
Balloff, P. Albrecht, A.-S. Stucke, L. Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A. Schnitzler, I1.-K. Penner
and S.J. Groiss, 2023, Frontiers in Neurology, 14, p. 04. (https://doi.org/10.3389/fneur.2023.1266225). Copyright
2023 by Balloff, Albrecht, Stucke, Scala, Novello, Hartmann, Meuth, Schnitzler, Penner and Groiss.

2.2.3 Matching of Participants

Participants in the PMS group were matched in age and sex with individuals in the
RRMS group and HC (Figure 1). However, if more than one individual in the pool of potential
HC or individuals with RRMS satisfied these two criteria, concordance in the level of
education, as assessed defined by the German version of the Consortium to Establish a Registry
for Alzheimer’s Disease neuropsychological test battery (CERAD) (Memory Clinic, n.d.,
Thalmann et al., 1998) described in detail below, determined matching. To reduce bias, the
researcher who conducted matching of participants was not aware of the rTMS results or those
clinical traits not relevant for matching. As this cross-sectional study is part of a longitudinal
study (reference number 2018-16), baseline (n = 32) as well as follow-up (n = 2) measurements
of participants in the PMS group collected from May 2018 until October 2022 were matched
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with baseline (n = 24) or with follow-up (n = 6) measurements of participants in the RRMS and
with baseline (n = 23) or with follow-up (n = 7) measurements of participants in the HC group.

2.2.4 Recruitment Procedure

The recruitment of eligible participants took place from May 2018 until October 2022.
However, recruitment and assessment were paused from September 2018 till March 2019 due
to lack of staff and from September 2021 until April 2022 due to breaking down of the rTMS
coils and maintenance work of the TMS stimulator. Individuals with MS were recruited either
during outpatient appointments at the interdisciplinary outpatient chemotherapy centre and the
neurological outpatient clinic, or during their inpatient treatment at the neurology ward at the
University Hospital Diisseldorf (UHD), Germany. Recruitment was conducted by physicians,
doctoral students and student research assistants working at the department of neurology at the
UHD. The aim was to ask all MS patients present at any given day in the above-mentioned
facilities for their willingness to participate. However, due to workload and work hours of the
staff, it was not possible to realise this on each day of the recruitment period. Firstly, all patients
were informed verbally about the study and its procedure. If patients were interested in
participating, they also received printed information material about the study, including a brief
description of the research question and study design, the procedure, inclusion and exclusion
criteria, informed consent and contact information. Outpatients were then given seven days to
read the information material before they were contacted again via phone, to assess whether
they were still interested in participating, to systematically check inclusion and exclusion
criteria and if all criteria were met, schedule an appointment for assessment. Unlike outpatients,
inpatients were contacted again 24 hours after printed information was given, with the aim of
realising assessment during their regular stay at the hospital.

HC were recruited among university students, hospital staff as well as family members
and friends of participants with MS and researchers using flyers. However, a lack of HC over
the age of 40 led to problems in matching participants. Thus, additional healthy individuals
meeting these characteristics were randomly recruited by phone from a database from previous
rTMS studies at the department of neurology at UHD, form March 2021 onwards.

2.3 Materials

2.3.1 Electromyographic Recording

The TMS set-up is depicted in Figure 2. MEPs were recorded using surface
electromyography (EMG). Therefore, two Ag/AgCl surface electrodes of 20x15 mm (Ambu®
Neuroline™ 700, Ballerup, Denmark) were positioned in a belly tendon montage on the right
FDI and one Ag/AgCl ground electrode of 48x30 mm (Ambu® Neuroline™ Ground (714),
Ballerup, Denmark), was placed on the right inner forearm. To record the signal, the three
electrodes were connected with a signal-conditioning amplifier (Digitimer D360, Digitimer
Ltd, Hertfordshire, UK) by three 150 centimeters (cm) long lead wires with DIN42802
connectors and 0.7 mm sockets on the opposite side (Spes Medica, Genova, Italy). The recorded
signal was led through and filtered by this signal-conditioning amplifier with a bandwidth of
100-5000 Hz, collected at a sampling rate of 5 kilohertz (kHz) and real time monitored, using
an oscilloscope (DS1074B, Batronix Rigol, Preetz, Germany). The collected EMG data was
stored on a computer and analysed using Signal version 6.02 (Cambridge Electronic Design
Ltd., Cambridge, UK).
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Fig. 2: Experimental rTMS Set-Up.

This illustration depicts the experimental rTMS set-up. rTMS was performed to the hand area of left M1 in order
to evoke MEPs and assess MEP latency of the right FDI. Both were facilitated using a figure-of-eight shaped,
hand-held magnetic coil, which was placed tangentially to the skull at a 45-degree angle to the sagittal plane with
the handle pointing posteriorly. Electromyography was used to record MEPs and MEP latencies. Therefore, two
surface electrodes were positioned in a belly tendon montage on the right FDI and one ground electrode was placed
on the right inner forearm. MEP amplitude was measured from peak to peak in mV and MEP latency, the time
between stimulus induction and MEP elicitation, was measured in ms. Abbreviations: FDI, first dorsal interosseus
muscle; M1, primary motor cortex; MEP, motor evoked potential; mV, millivolts; ms, milliseconds. Note. Adapted
from “Long-term potentiation-like plasticity is retained during relapse in patients with Multiple Sclerosis” by C.
Balloff, S. Novello, A.-S. Stucke, L.K Janssen, E. Heinen, C.J. Hartmann, S.G. Meuth, A. Schnitzler, I.-K. Penner,
P. Albrecht, S.J. Groiss, 2023, Clinical Neurophysiology, 155, p. 79.
(https://doi.org/10.1016/j.clinph.2023.07.013). Copyright 2023 by Elsevier B.V..

2.3.2 Repetitive Transcranial Magnetic Stimulation

In this study, a stimulus protocol was used which was based on Hamada et al. (2008),
but in accordance with Nakamura et al. (2016), used an extended assessment time of LTP-like
cortical plasticity that spanned a duration of one hour. Cortical plasticity was measured by
means of the magnitude of the MEP amplitude of the right first dorsal interosseous (FDI)
elicited through rTMS before (pre-QPS assessment) and after QPS administration (post-QPS
assessment). In that connection, and in line with the previous work of our group (Balloff et al.,
2022), LTP-like cortical plasticity was defined as the increment in the magnitude of the MEP
amplitude from pre-QPS to post-QPS assessment (Hamada et al., 2008). While this section aims
to describe how rTMS was facilitated, the rTMS stimulus protocol and QPS will be described
in detail in the corresponding section below.

To evoke MEPs of the right FDI, single pulse monophasic rTMS with a stimulus
frequency of 0.2 Hz was performed to the hand area of left M1, using a figure-of-eight shaped,
hand-held magnetic coil with an outer diameter of 70 millimetres (mm) (The Magstim
Company Ltd., Whitland, UK). The magnetic coil was connected to a Magstim BiStim?
stimulator (The Magstim Company Ltd., Whitland, UK) and was placed tangentially to the
skull at a 45-degree angle to the sagittal plane with the handle pointing posteriorly (Figure 2).
The position of the hand area of the left M1 was estimated with a measuring tape and marked
with a pen by measuring 5 cm to the left and 1 cm ventrally from the vertex of the skull (Topka,
2007), which is defined as the point of interception between the line connecting inion and
nasion and the line connecting the tragus of both ears. From that estimated position, the target
site, also referred to as the “motor hot-spot”, defined as the point resulting in the highest motor
evoked potentials (MEPs) of the relaxed right FDI after TMS stimulation (Kaelin-Lang, 2007),
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was located using single pulse monophasic TMS at an individual stimulus intensity (Groppa et
al., 2012). For that purpose, the TMS coil was displaced in the anterior-posterior or medial-
lateral direction in steps of 1 cm or less, until the motor hotspot was detected (Groppa et al.,
2012, Claus, 2007). The location of the motor hot-spot was marked with a pen, to guarantee the
constant position of the TMS coil throughout the assessment.

2.3.3 rTMS Stimulus Protocol

As mentioned above, this cross-sectional study was based on an ongoing longitudinal
research project, which focusses on changes in cortical plasticity, cognitive and motor
functioning in MS patients over time. To assess the various degrees of neural plasticity, a
stimulus protocol comprising six different stimulus intensities was specified: 100% RMT,
110% RMT, 120% RMT, 130% RMT, 140% RMT and MEP 0.5 mV.

Stimulus intensities that were based on the individuals RMT were calculated as a
percentage, using a calculator. RMT was determined at the motor hot-spot of each individual.
In accordance with Rothwell et al. (1999), it was defined as the lowest stimulus intensity,
eliciting a MEP peak-to-peak amplitude of > 50pV in five out of ten consecutive TMS trials in
the resting right FDI, when applying a relative frequency method. These trials were
administered at a frequency of 0.2 Hz. After a general estimation, RMT was approximated by
altering the stimulus intensity in 1% steps of the maximum stimulator output.

Like RMT, the MEP 0.5 mV threshold for each individual was defined as the stimulus
intensity eliciting a peak-to-peak amplitude of about 0.5 mV at the motor hotspot in 10
consecutive trials, when applying a relative frequency method (Groppa et al., 2012, Balloff et
al., 2022). Yet, due to fluctuation in MEP amplitude, some deviation from this value was
tolerated, while maintaining an average MEP amplitude of about 0.5 mV for each group.
Although, all six stimulation intensities were included in the stimulation protocol of this study,
only the stimulus intensity eliciting a MEP amplitude of about 0.5 mV at pre-QPS assessment
was of interest (Hamada et al., 2008, Balloff et al., 2022).

In this study, rTMS stimuli were applied in seven blocks which were separated by 4-
minute breaks: pre-QPS, post-QPSi, post-QPS2, post-QPS3, post-QPS4, post-QPSs and post-
QPSs. Each block consisted of a total of 72 stimuli, which in turn consisted of 12 stimuli for
each of the 6 different stimulus intensities (100% RMT, 110% RMT, 120% RMT, 130% RMT,
140% RMT and MEP 0.5 mV). Within each block, stimuli of different intensities were applied
in a random manner using Signal version 6.02 (Cambridge Electronic Design Ltd., Cambridge,
UK) at a frequency of 0.2 Hz. Thus, each block had a duration of six minutes.

Stimulus responses were discarded when amplitudes were contaminated by voluntary
movement or other measurement artefacts (Hamada et al., 2008, Balloff et al., 2022). The
remainder of the 12 amplitudes of the stimulus intensity MEP 0,5 mV were averaged for each
block (pre-QPS, post-QPS1, post-QPS,, post-QPSs, post-QPS4, post-QPSs and post-QPSe). For
statistical analysis, the average MEP amplitude during pre-QPS assessment was only compared
to the post-QPS assessment block with highest average MEP Amplitude (post-QPSmax). This is
because the latter was assumed to reflect the maximum gain in cortical excitability due to an
increase in LTP-like plasticity after QPS administration (Balloff et al., 2022).
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2.3.4 Quadripulse Stimulation

LTP-like cortical plasticity was induced using a QPS protocol, which was based on
Hamada et al. (2008). In accordance with this protocol, QPS was facilitated by connecting four
magnetic stimulators (Magstim 2002, The Magstim Company Ltd., Whitland, UK) with a
combining module (The Magstim Company Ltd., Whitland, UK), allowing for the application
of a train of four monophasic TMS pulses through one TMS coil. Thereby, the coil itself as
well as its position on the skull during QPS was equal to single pulse monophasic rTMS
described above. Following the protocol of Hamada et al. (2008), stimulation intensity was set
to 90% AMT. AMT was defined as the stimulus intensity required to elicit a MEP peak-to-peak
amplitude of > 100pV during 10-20% of maximum contraction of the right FDI in five out of
ten consecutive TMS trials, when applying a relative frequency method (Muellbacher et al.,
2000, Di Lazzaro et al., 2000). AMT approximation was conducted in the same way as RMT
approximation. Furthermore, in line with Hamada et al. (2008), QPS was administered using
360 TMS bursts with an ISI of 5 ms and an inter-train frequency of 0.2 Hz (Hamada et al.,
2008). This resulted in a total administration of 1440 magnetic stimuli over a period of 30
minutes. During QPS administration the right FDI was relaxed and all MEPs were monitored.

2.3.5 MEP Latency

MEP latency, which represents the time of corticomotor conductance (Groppa et al.,
2012), was measured to assess the integrity of the corticospinal pathway (McKay et al., 1997,
Firmin et al., 2012). MEP latency was defined as the time interval between stimulus application
through TMS and MEP onset: MEP onset — onset of TMS stimulus application in ms (Cacchio
et al., 2011, Shulga et al., 2015). In that connection, MEP onset was defined as the first TMS
stimulus associated deviation from the horizontal EMG trace prior to the first MEP peak
(Cacchio et al., 2011). In accordance with previous research by our group, MEP latency was
assessed using 10 monophasic TMS stimuli with a frequency of 0,2 Hz and a stimulus intensity
of 140% AMT, while right FDI contraction of about 30% of the maximum force was maintained
(Balloff et al., 2022). The stimulus intensity was calculated as a percentage, using a calculator.
Out of the 10 MEP latencies, the mean MEP latency was calculated for each individual. In
accordance with previous research by our group, MEP latencies below 24.5 milliseconds were
considered normal and those above 24.5 milliseconds were considered pathological Balloff et
al. (2023a).

2.3.6 Neuropsychological Test Battery

Due to it being part of a longitudinal research project, this cross-sectional study included
an extensive neuropsychological test battery. In this study, however, only the assessment of
depressive symptoms, anxiety symptoms, fatigue, information processing speed as well as
visuospatial short-term memory and learning were of interest, because they are either directly
associated with cortical plasticity or can be considered as potential confounders (Balloff et al.,
2022). The corresponding tests will therefore be described in detail below, while the others will
only shortly be listed to fully disclose the research design.

The German translation of the Hospital Anxiety & Depression Scale (HADS)
(Herrmann-Lingen et al., 2018, Zigmond and Snaith, 1983), was used to assess the severity of
depressive and anxiety symptoms in order to control for their influence in the experimental
manipulation of LTP-like cortical plasticity. The HADS is a self-rating instrument consisting
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of each seven items for anxiety and depressive symptoms. Honarmand and Feinstein (2009)
identified the HADS as a suitable instrument to assess the severity of depressive symptoms and
symptoms of generalized anxiety in individuals with MS. Moreover, a review conducted by
Bjelland et al. (2002) found the HADS to be a valid and highly reliable measure, reporting a
mean Cronbach’s alpha of 0.83 for the anxiety and 0.82 for the depression scale. All items were
rated on a four-point Likert-Scale ranging from 0 to 3 with a total score ranging from 0 to 21
for both the depression and anxiety scale (Herrmann-Lingen et al., 2018, Zigmond and Snaith,
1983). According to the developers, scores ranging from 0 - 7 are considered normal, scores
ranging from 8 - 10 are considered borderline abnormal and scores ranging from 11-21 are
considered as clinically abnormal (Zigmond and Snaith, 1983, Herrmann-Lingen et al., 2018).
An example of an item of the depression scale is: “I still enjoy the things I used to enjoy”
(Herrmann-Lingen et al., 2018, Zigmond and Snaith, 1983). An example of an item of the
anxiety scale is: “Worrying thoughts go through my mind” (Herrmann-Lingen et al., 2018,
Zigmond and Snaith, 1983).

Symptoms of fatigue were assessed using the Fatigue Scale for Motor & Cognitive
Functions (FSMC) (Penner et al., 2009). In that regard, the FSMC rather focusses on the
susceptibility to fatigue over a period of time (trait fatigue), then on the acute experience of
fatigue (state fatigue) (Penner, 2023, Malloy et al., 2021). The FSMC is a self-rating instrument
consisting of each ten items for motor and cognitive fatigue. According to Penner et al. (2009),
the FSMC is a valid and highly reliable instrument with an overall Cronbach’s alpha of 0.91.
All items are rated on a five-point Likert scale ranging from 1 (absolutely disagree) to 5
(absolutely agree), with a total score ranging from 10 to 50 for both, the motor and the cognitive
scale (Penner et al., 2009). Thereby, a FSMC sum score of 20 - 42 indicates no fatigue, a score
of 43 - 52 indicates mild fatigue, a score of 53 - 62 indicates moderate fatigue and a score of 63
- 100 indicates severe fatigue (Penner et al., 2009). An example of an item of the cognitive scale
is: “Because of my exhaustion, it is harder for me to learn something new than it used to be”
(Penner et al., 2009). An example of an item of the motor scale is: “My movements clearly slow
down in a state of exhaustion” (Penner et al., 2009).

Information processing speed was assessed using the Rao-adapted version of the
Symbol Digit Modalities Test (SDMT) (Rao, 1990), originally developed by Smith (1982). It
is a reliable and valid measure of information processing speed in multiple sclerosis (Sonder et
al., 2014, Benedict et al., 2008). According to the SDMT manual published by Smith (1982)
the test procedure can be described as follows: in the SDMT nine different symbols are each
paired with a digit from 1-9. These symbols are depicted in a random order in 8 rows on a sheet
of paper (210 x 297 mm), with each row depicting 15 symbols. Under each symbol is a blank
space, where the matching digit of the symbol can be filled in. On top of the sheet is a legend
of the symbol-digit pairs. The first ten items are not counted and serve to familiarize with the
test. Usually, the test is administered twice: manually and verbally (Smith, 1982). However, as
it is common in MS research, the SDMT was only administered verbally to reduce the impact
of motor disability on SDMT scores (Benedict et al., 2017). During verbal administration, 90
seconds of time are given to correctly report as many symbol-digit pairs as possible (Smith,
1982). Scoring involves the summation of the number of correct responses given in that time
interval (Smith, 1982). Scores range from 0 - 110, with higher scores indicating higher
information processing speed (Smith, 1982). These raw scores were converted into z-scores
using the normative regression-based formula proposed by Scherer et al. (2004), which is based

17



on data of German speaking MS patients and healthy individuals. According to the authors, z-
scores lower than, or equal to -1.68 are considered pathological (Scherer et al., 2004).

The Brief Visuospatial Memory Test - Revised (BVMT-R) was used to assess
visuospatial short-term memory and learning (Benedict, 1997). The BVMT-R is a reliable and
valid instrument in assessing visuospatial short-term memory (Benedict et al., 1996) and
detecting cognitive deficits in MS (Filser et al., 2018). According to the manual provided by
Benedict (1997), the test procedure can be described as follows: the BVMT-R consists of 6
different geometric figures, which are printed in a two-by-three array on a card (210 x 297 mm).
In three trials, individuals are required to look at this card for ten seconds and memorize the
design of the figures (size and form) as well as their position within the array. After that, as
many of these six figures have to be drawn from memory in the correct design and position
with a pencil on a blank sheet of paper (210 x 297 mm) without a time limit. During each trial,
an eraser may be used for error correction. A maximum of two points can be earned for each
correctly memorized figure: one point for the correct design and one point for the correct
position within the array (Benedict, 1997). This results in a score range between 0 and 12 per
trial (Benedict, 1997). The scores of all three trials are then summed to a total score, which can
range between 0 and 36 (Benedict, 1997). According to the BVMT-R manual published by
Benedict (1997), higher scores indicate higher visuospatial short-term memory and learning
ability. Based on the norms provided by this manual, raw scores were converted into age
adjusted z-scores (Benedict, 1997). Consistent with other research of our group, z-scores lower
than, or equal to -1.68 were considered pathological to warrant comparability with the SDMT
(Balloff et al., 2022). Other tests that were conducted as part of the longitudinal research design,
but were not regarded in this cross-sectional study are the Parkinson Disease Questionnaire 39
(Berger et al., 1999), an adapted version of the cognitive leisure scale (Sumowski et al., 2010,
Sumowski and Leavitt, 2013), and the Multiple Sclerosis Impact Scale 29 (Hobart et al., 2001).

2.3.7 Tests of Motor Function

In this research project, LTP-like plasticity was assessed by means of the increment in
MEP amplitude of the right FDI after QPS. In that regard, previous research demonstrated
associations between motor plasticity and motor functioning as reflected by manual dexterity
and ambulation (Giffroy et al., 2017). Therefore, tools to assess manual dexterity and
ambulation were included in this study.

The 9-Hole-Peg Test (NHPT) was used to measure manual dexterity (Mathiowetz et al.,
1985, Kellor, 1971). The NHPT is a reliable and valid tool in the assessment of dexterity and
upper limb motor functioning in individuals with MS (Mathiowetz et al., 1985, Hervault et al.,
2017). Mathiowetz et al. (1985), Kellor (1971), describe the task as follows: first, the subject is
seated at a table. On that table a wooden square box, containing nine wooden pegs is placed
next to a wood block that contains nine empty holes, which are arranged in a three-by-three
array. On a start signal, the NHPT requires the subject to place the nine pegs one by one and as
quickly as possible in the nine holes of the wood block. Once, this is achieved, all pegs have to
immediately be put back into the container in the same manner. The task is conducted
sequentially in four trials with both the dominant and non-dominant hand being tested twice.
The time to complete each trial is measured in seconds with a stopwatch. The average time is
calculated for each hand separately, to account for asymmetry between hands (Mathiowetz et
al., 1985). Overall, lager amounts of time needed indicate reduced manual dexterity
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(Mathiowetz et al., 1985, Kellor, 1971). As this study solely focussed on the stimulation of the
left M1, only the average times to complete the NHPT of the right hand were considered.

The 25 Foot Walk (T25FW), first introduced in the ambulatory index described by
Hauser et al. (1983), was used to assess ambulation. It is a valid and reliable assessment tool to
assess ambulation and lower limb motoric functioning in individuals with MS (Motl et al., 2017,
Learmonth et al., 2012). Fischer et al. (1999) provide a standardized protocol of the T25FW,
consisting of two trials. In the first trail, the T25FW requires the subject to walk a marked
distance of 25 feet as quickly as possible with a steady and safe gait on a start command. In the
second trail, the same task is repeated, with the subject being required to walk back the same
distance. The time to walk each distance is measured from the start command in seconds with
a stopwatch. For each individual, the average time was calculated for both trials, with larger
amounts of time needed indicating impaired ambulation (Goldman et al., 2013). However, in
line with previous research of our group, if a subject was not able to complete the T25FW due
to disability, a substitute time based on a 90 percent confidence interval was calculated using
the following formula: maximum time to complete the T25FW of the entire MS sample plus
the standard deviation of the entire MS sample multiplied by 1.645 (Balloff et al., 2023b).

2.3.8 Demographic and Clinical Characteristics

In this study, age, sex, handedness, MS subtype, disability due to MS, disease duration,
current intake of MS medication and the level of education were assessed as part of a structured
interview. Thereby, the level of education was measured by counting the number of years spent
in the educational system, by means of an assessment tool used in the standardization of the
German version of the CERAD (Memory Clinic, n.d., Thalmann et al., 1998). The CERAD is
a standardized and validated neuropsychological, neuropathological and clinical test battery to
detect Alzheimer’s disease (Morris et al., 1989, Aebi, 2002, Mirra et al., 1991). Previous
research demonstrated a link, between cognitive ability and cortical plasticity (Burki et al.,
2014) as well as between cognitive ability and the level of education as assessed by the CERAD
(Luck et al., 2009). Thus, in this study, educational level was assessed in accordance with the
CERAD.

The degree of disability due to MS was measured using the Expanded Disability Status
Scale (EDSS) developed by Kurtzke (1983). The EDSS is a valid and commonly used
instrument to quantify disability and monitor disease progression in MS (Meyer-Moock et al.,
2014). Scores range on an ordinal scale from 0 (normal neurological status) to 10 (death due to
MS) and increase in increment intervals of 0.5 once a score of 1 is reached (Kurtzke, 1983).

2.4 Experimental Procedure

Data acquisition was conducted in a single session. The assessment took place at the
Brain Stimulation Laboratory at the UHD from May 2018 until October 2022 with the above-
mentioned breaks. The procedure of the baseline and one-year follow up assessment used in
this study is depicted in Figure 3 and can be described as follows: Upon arrival at the
laboratory, all participants were guided to an examination room and participants completed a
questionnaire about their demographic characteristics and their medical history concerning MS.
Next, a series of neuropsychological tests and tests of motor function were conducted by one
of seven trained doctoral students from the faculty of medicine or one of two trained student
research assistants from the faculty of psychology in the following order: The SMDT (Smith,

19



1982), the BVMT (Benedict, 1997), the 9-Hole-Peg-Test (Mathiowetz et al., 1985, Kellor,
1971) and the 25 Foot Walk (Hauser et al., 1983). Then, participants were requested to fill in
self-report questionnaires in the following order: The Parkinson Disease Questionnaire 39
(Berger et al., 1999), the Work Ability Index (Tuomi et al., 1998), the Hospital Anxiety &
Depression Scale (Zigmond & Snaith, 1983), the Fatigue Scale for Motor & Cognitive
Functions (Penner et al., 2009), and the Multiple Sclerosis Impact Scale 29 (Hobart et al., 2001).

Thereafter, participants who were diagnosed with MS received a neurological
examination. This examination was carried out by one of three certified neurologists of the
UHD, who were involved in the study. The purpose of the examination was to interview
participants about any medical related issues that would contraindicate TMS, to confirm the
diagnosis of RRMS, SPMS or PPMS at baseline, to check for potential disease progress at
follow-up and to estimate the participants EDSS at each time of assessment.

After that, the aforementioned students and student research assistants, who were also
trained in performing the TMS protocol, guided participants to a room were TMS stimulation
took place. There, participants were seated comfortably in a reclining armchair with both arms
placed on armrests and electrodes were attached to the right FDI. Then, participants were
instructed to keep the muscles of the target muscle relaxed during assessment and to only
contract these muscles, when they were explicitly told to do so. Moreover, participants were
instructed to move their body as little as possible, to minimize conversation during assessment
and to keep count of the number of TMS pulses during assessment, in order to minimize MEP
amplitude changes associated with fluctuations in attention (Noreika et al., 2020) and muscle
contraction (Muellbacher et al., 2000). Yet, participants were told, that they were allowed to
move their body and talk during the breaks of assessment, which were scheduled after each of
the 7 stimulus blocks as well as after the QPS administration.

After these general instructions, the position of the left M1 was approximated with a
measuring tape and marked with a pen. Then, the motor hotspot of the right FDI was determined
from that point using monophasic TMS and an individual stimulus intensity for each
participant. Once the motor hot-spot was identified, it was also marked and RMT, AMT, MEP
0.5 mV and MEP latency were assessed at that location in that order. Meanwhile, participants
were instructed to keep the target muscle relaxed during the assessment of RMT and MEP 0.5
mV. Conversely, participants were instructed to keep their right FDI contracted at about 10-
20% of their maximum force during the determination of their AMT and at about 30% of their
maximum force during the assessment of their MEP latency. Subsequently, stimulus intensities
for the assessment of MEP latency as well as rTMS and QPS were calculated for each
participant. After that, the resulting stimulus intensities were entered into the Signal version
6.02 (Cambridge Electronic Design Ltd., Cambridge, UK) stimulation rTMS protocol and
assessment was started.

The rTMS protocol consisted of three phases. In the first phase, the rTMS pre-QPS
assessment was conducted. This was followed by a 5-minute break, in which the QPS was
prepared. In the second phase, QPS was administered for 30 minutes to induce cortical plasticity
(Matsumoto, & Ugawa, 2020). Another 5-minute break followed to prepare for rTMS post-
QPS assessments. In the third phase, cortical plasticity was assessed through six consecutive
rTMS post-QPS assessments, which were interspersed with 4-minute breaks. After that,
participants were thanked for participation, received a free parking ticket and if applicable, 30
Euros as a reward.
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Fig. 3: Study Design.

This illustration depicts the study design. Firstly, participants completed a number of neuropsychological tests and
tests of motor function, as well as questionnaires about their demographic characteristics and their medical history.
Secondly, participants with MS received a neurological examination by a certified neurologist to confirm MS
diagnoses and rule out any contraindications of participation. Thirdly, in preparation for the conduction of the
'TMS protocol, thresholds for monophasic rTMS and QPS, as well as MEP latency were determined. For that
purpose, each ten stimuli were applied and averaged. Fourthly, pre-QPS assessment was conducted to receive
baseline values of excitation. Therefore, a block of six different stimulus intensities of each 12 stimuli with an ISIT
of 5 s were applied. The resulting peak to peak amplitudes were averaged for each stimulus intensity. In this study
however, only the threshold eliciting an average MEP amplitude of approximately 0.5 mV was of interest. Fifthly,
360 QPS bursts with an IBI of 5 s and an ISI of 5 ms was applied over a period of 30 min to induce LTP-like
cortical plasticity. Sixthly, six consecutive blocks (post-QPSi.) mirroring those of the pre-QPS assessment were
conducted after QPS. Yet, for each participant, only the post-QPS block with the highest average MEP increment
of the MEP 0.5 mV threshold (post-QPSmax) was of interest in this study. Abbreviations: IBI, interburst interval;
ISI, interstimulus interval; max., maximum; MEP, motor evoked potential; mV, millivolts; ms, milliseconds; s,
seconds. Note. Adapted from “Long-term potentiation-like plasticity is retained during relapse in patients with
Multiple Sclerosis” by C. Balloff, S. Novello, A.-S. Stucke, L.K Janssen, E. Heinen, C.J. Hartmann, S.G. Meuth,
A. Schnitzler, 1.-K. Penner, P. Albrecht, S.J. Groiss, 2023, Clinical Neurophysiology, 155, p. 79.
(https://doi.org/10.1016/j.clinph.2023.07.013). Copyright 2023 by Elsevier B.V..

2.5 Statistics

2.5.1 Software
For statistical analysis, raw data of the MEP amplitude and latency recordings were

extracted from Signal version 6.02 (Cambridge Electronic Design Ltd., Cambridge, UK). Mean
MEP latency, as well as mean MEP amplitudes for each stimulus intensity for each time point
(Baseline and post-QPSi - post-QPSs) were calculated in Microsoft Excel Version 16
(Microsoft Corporation®). All data were stored in an IBM SPSS Version 26 data frame (IBM
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Corporation). However, the statistical analysis comprising descriptive statistics of the
participant characteristics and multilevel mixed models were conducted using R Version 4.3.1
(R Core Team, 2023). Multilevel mixed modelling was conducted using the “nlme” package
(Pinheiro et al., 2023). Results are reported based on the “anova.lme” and the “summary”
function of the same package. Due to the slightly unbalanced design and missing values,
analyses using Type III sum of squares was conducted (van Ginkel and Kroonenberg, 2021,
Lewsey et al., 1997). Planned comparisons and post hoc contrasts were conducted using the
“contrast” function of the “emmeans” package (Lenth, 2023).

2.5.2 Analyses of Participant Characteristics
Parametric and non-parametric tests were conducted to evaluate, whether participants’

characteristics including demographic and clinical characteristics, neuropsychological test-
scores, results of the tests of motor function, as well as electrophysiological measures including
the number of excluded frames before and after intervention, were balanced across groups. In
that regard, either Kruskal-Wallis test or Wilcoxon rank-sum test was conducted, when
significant Shapiro Wilk test and/or Levene’s test indicated that assumptions of one-way
independent ANOVA or independent t-test were violated. If significant group differences were
detected in one-way independent ANOVA or Kruskal-Wallis test, post-hoc contrasts were
conducted using either independent t-test or Dunn’s test.

In order to compare frequencies across groups, the chi-square test was conducted.
However, when cell count is lower than five in at least one group, a chi-square distribution
cannot be assumed (Pandis, 2016). Therefore, in these cases Fisher’s exact test was conducted
instead. Significant results of both tests were followed-up using paired Fisher’s exact test. For
all statistical analyses described in this section and in the sections below, significance values
were set at p < .05. Moreover, to control for multiple comparisons, the p-values of analyses
concerning the participant characteristics were Bonferroni adjusted (Dunn, 1961, Armstrong,
2014).

2.5.3 Multilevel Mixed Modelling
In this study, participants completed repeated measurements of their mean MEP

amplitudes (pre-QPS and post-QPSi.¢ assessment), resulting in a nested data structure, in which
measurements were nested within participants. To account for this nested data structure, a
multilevel mixed model was specified in which measurements of the mean MEP amplitude
constituted level-1 and participants level-2 data. As stated above, solely the increment of mean
MEP amplitude from the pre-QPS assessment to the maximum mean MEP amplitude (post-
QPSnax) of the six post-QPS assessments were of interest. Thus, mean pre-QPS and mean post-
QPSmax MEP amplitudes formed the outcome variable. Thereby, time of assessment (pre-QPS
vs. post-QPSnax) served as a level-1 predictor and group (HC, RRMS and PMS) as a level-2
predictor. In that connection, the basic model contained the interaction term between time of
assessment and group (time*group) to identify differences in mean MEP amplitude and
therefore, cognitive plasticity between individuals with PMS, RRMS and HC. To detect the
hypothesized between group differences, the time*group interaction was followed up with
planned comparisons using Hochberg’s correction (Hochberg, 1988). This type I error
correction was chosen, because it is suitable for unbalanced designs and provides good power
(Kim, 2015, Blakesley et al., 2009). As the intercept was adjusted to approximately 0.5 mV, no
random intercept was specified. Yet, a random slope was specified for time of assessment to
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control for individual variability in the degree of cortical plasticity and response to QPS
intervention. Furthermore, no specific variance or error structure was assumed. However,
Akaike’s information criterion (4/C) was used to exploratively evaluate whether the inclusion
of any of these structures improved model fit (Akaike, 1987).

Because previous research demonstrated associations between rTMS induced
increments in mean MEP amplitude and age, sex as well as mean MEP latency (Vallence et al.,
2023, Pitcher et al., 2003), these variables and their interaction terms were added as level-2
covariates to the basic model. Moreover, to account for other potential confounding factors,
demographic and clinical characteristics, neuropsychological test scores as well as TMS
thresholds that showed significant group differences were added as exploratory level-2
covariates to the model. In that regard, to facilitate interpretability, all continuous predictors
were centred on their mean. In terms of model selection, backward elimination was applied to
exploratory covariates, because it reduces the neglection of suppressor effects compared to
other selection procedures (Paulhus et al., 2004). After that, the inclusion or exclusion of the
remaining variables to the final model was based on A/C, which was used to evaluate the
goodness of fit of each more advanced model compared to the basic model (Akaike, 1987).
Post hoc tests were conducted to follow-up significant main effects of covariates. The variance
inflation factor (VIF) with a cut-off value of > 5, indicating high correlation, was applied to test
for multicollinearity (Kim, 2019). All model parameters were estimated with the restricted
maximum likelihood approach, because it more accurately estimates standard errors of the fixed
effects in small samples, than the maximum likelihood method (McNeish and Stapleton, 2016).

Finally, an exploratory analysis was conducted to control for systematic error resulting
from the allocation of individuals with PPMS and SPMS to the same group. For that purpose,
the PMS group was divided into a PPMS and SPMS group. After that, the same multilevel
mixed model from the main analysis was refitted with a group variable containing four levels:
PPMS, SPMS, RRMS and HC. Complementary to the main analysis, planned comparisons
using Hochberg’s correction were conducted to test for differences in the increment of mean
MEP amplitude from pre to post-QPSmax assessment between participants with PPMS and
SPMS, between participants with PPMS and RRMS, between participants with SPMS and
RRMS, between participants with PPMS and HC and between participants with SPMS and HC.

2.5.4 Effect Size
Cohen’s d (Cohen, 1988) was calculated to determine between-group effect sizes of the

increment in mean MEP amplitude from pre- and post-QPSmax assessment. According to Cohen
(1992) effect size is considered small when d < 0.2, medium when d > 0.5 but < 0.8 and large
when d > 0.8. For the calculation of Cohens d, the pooled SD of the pre-QPS and post-QPSmax
mean MEP amplitudes was used (Morris, 2008). Within-group effect sizes were computed by
subtracting the mean MEP amplitude at pre-QPS assessment from the mean MEP amplitude at
post-QPSmax for each of the groups separately and dividing the result by the pooled SD of the
pre-QPS assessment (Morris, 2008):

(Mpost—QPS HC™ Mpre—QPS )

max’

SD

pre-pooled
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Between-group effect sizes were computed for the comparisons between HC and
individuals in the RRMS and PMS groups. This was done, by subtracting the difference in mean
MEP amplitude of the RRMS group or the PMS group from the difference in mean MEP
amplitude MEP amplitude of the HC (Morris, 2008):

(Mpost—QPSmaX, HC~ Mpre, HC )' (Mpost—QPS RRMS/PMS~ Mpre, RRMS/PMS )
SD pooled

max’

In addition, between-group effect sizes were computed for the comparisons between
individuals in the RRMS and PMS groups. This was done, by subtracting the difference in mean
MEP amplitude of the PMS group from the difference in MEP amplitude of the RRMS group
(Morris, 2008).

(Mpost—OPSmax, RRMS~™ Mpre, RRMS )' (Mpost—QPS PMS~™ Mpre, PMS )

SD pooled

max’

3. Results
3.1 Participant Characteristics
A summary of the results comparing the three groups in terms of their demographic and

clinical characteristics, their neuropsychological test scores and motor function test results as
well as their electrophysiological measures is illustrated in Tables 1 — 3. To warrant readability,
only test-statistics and p-values of the significant post-hoc tests, which identify between group
differences, are reported below. The test-statistic and p-values of significant and non-significant
omnibus tests are solely disclosed in the aforementioned tables.

Concerning the demographic and clinical characteristics (Table 1), participants in the
PMS group had significantly higher EDSS scores (Mdn = 5) than participants in the RRMS
group (Mdn = 2), W(2) = 178.5, p < .001. This shows that participants with PMS had higher
degrees of disability than participants with RRMS. In line with that finding, Fisher’s exact test
showed that participants in the PMS group had significantly higher unemployment rates than
HC p < .01.

Concerning the neuropsychological test scores (Table 2), participants in the PMS group
had significantly lower sum-scores (Mdn = 42.50) on the SDMT than people in the RRMS
group (Mdn = 51.50), z = - 3.04 p = .007 and HC (Mdn = 54.50) z = -4.55 p < .001.
Concordantly, participants in the PMS group had significantly lower z-scores (Mdn = - 1.18)
on the SDMT than participants in the RRMS group (Mdn = - 0.06), z = - 3.00 p = .008 and HC
(Mdn =0.43) z = -4.87, p < .001. This indicates, that participants in the PMS group had lower
degrees of information processing speed than both, participants with RRMS and HC. Regarding
the BVMT, participants in the PMS group had lower sum-scores (Mdn = 19.00), z=-4.21, p <
.001, and z-scores (Mdn = -1.19), z = -4.40, p < .001, than HC (Mdn = 28.00; Mdn = 0.81),
meaning that they had lower degrees of visuospatial short-term memory and learning than
healthy participants. In line with that finding, Fisher’s exact test showed that BVMT scores that
are classified as pathological, were more frequent in participants with PMS than HC p < .02.
Concerning the HADS, participants in the RRMS group had higher sum-scores on the anxiety
scale (Mdn = 7.00), z = 3.51, p = .001, than HC (Mdn = 3.00). More precisely, Fisher’s exact
test demonstrated that compared to HC, participants in the RRMS group more frequently
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showed borderline abnormal p = .045 and clinical abnormal scores p = .032. This indicates that
participants in the RRMS group demonstrated more symptoms of anxiety than HC. Moreover,
participants in the PMS (Mdn = 4.00), z = 4.35, p <.001 and RRMS group (Mdn = 5.00), z =
4.67, p < .001, had significantly higher sum-scores on the HADS depression scale than HC
(Mdn =1.00). In that regard, Fisher’s exact test demonstrated that compared to HC, participants
in the PMS group showed significantly more often scores that were borderline abnormal p =
.032. That means that participants in the PMS group demonstrated more severe symptoms of
depression than HC. Lastly, participants in the PMS (Mdn = 70.50), z = 5.84, p < .001, and
RRMS group (Mdn = 65.17), z = 4.35, p < .001, had significantly higher FSMC sum-scores
than HC (Mdn = 28.00). Paired Fisher’s exact tests revealed that compared to HC, participants
in the PMS p <.001 and RRMS p <.001 group reported significantly more often severe fatigue
than no fatigue. Furthermore, paired Fisher’s exact tests revealed that compared to HC,
participants in the PMS p = .006 and RRMS p = .046 group also reported significantly more
often severe fatigue than mild fatigue. Thus, these findings indicate that participants in the PMS
and RRMS group demonstrated more severe symptoms of fatigue than HC.

Concerning the results of the tests of motor function (Table 2), participants in the PMS
group took significantly more time to absolve the T25FW (Mdn = 6.39) than participants in the
RRMS group (Mdn = 4.46), z = 3.30, p = .003 and HC (Mdn = 3.54), z = 6.59, p < .001.
Similarly, participants in the RMS group took significantly more time to absolve the T25FW
than HC, z = 3.33, p = .003. This demonstrates, that both, participants in the PMS and RRMS
group had impaired ambulation compared to HC. Furthermore, it can be deduced that compared
to participants in the RRMS group, ambulation was more impaired in participants with PMS.
In regard to the NHPT, participants in the PMS group (Mdn = 25.26), z = 5.77, p < .001 and
participants in the RRMS group (Mdn = 22.06), z = 3.68, p < .001 took significantly more time
to complete the task than HC (Mdn = 18.88), indicating that participants in the PMS and RRMS
group had impaired manual dexterity compared to HC.

Concerning the electrophysiological measures (Table 3), participants in the PMS group
had significantly higher RMT (Mdn = 55.50), z=3.15, p = .005, AMT (Mdn = 45.50),z=3.17,
p=.005, and MEP 0,5 mV thresholds (Mdn = 81.00), z=4.38, p <.001, than HC (Mdn = 48.00;
Mdn = 39.00; Mdn = 58.00), indicating that they needed higher stimulation intensities to
achieve the same MEP response. In addition, participants in the PMS group had on average
significantly lower MEP amplitudes at pre-QPS assessment (M = 0.48) than HC (M = 0.57),
#(61.3) = 2.61 p = .033. This shows, that compared to HC, cortical excitability before QPS
intervention was lower in the PMS group. Moreover, participants in the PMS group (Mdn =
25.39) had significantly longer durations of mean MEP latency than participants in the RRMS
group (Mdn = 23.40), z = 2.73, p = 0.019, and HC (Mdn = 22.77), z = 4.03, p < .001.
Furthermore, paired Fisher’s exact tests revealed that individuals with PMS had significantly
more often mean MEP latencies that are considered pathological than participants with RRMS,
p < .001 and HC, p < .001. Compared to HC (Mdn = 25.04), pathological latencies were
significantly longer in the PMS group (Mdn = 29.43), z = 2.68, p < .022. This means, that
participants with PMS had worse MEP latencies than participants with RRMS or HC. Lastly,
significantly more MEP frames were excluded in the PMS group during pre-QPS and post-QPS
assessment (Mdn = 3.50), z=2.69, p =0.021, compared to the RRMS group (Mdn = 3.00). This
shows that during both times of assessment, MEP frames in the PMS group were more often
contaminated by voluntary muscle movement, or other measurement artefacts, than MEP
frames in the RRMS group.
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Table 1: Demographic and Clinical Characteristics by Group.

Characteristics Group Test Statistic P
PMS RRMS HC
(N=34) (N=30) (N=30)
Mean (SD) Mean (SD) Mean (SD)
Median [IQR] Median [/QR] Median [IQR]
n {%} n {%} n {%}

Age? 50.53 (8.17) 47.80 (7.03) 50.73 (9.58) F(2,91)=1.18 311
Education® 15.00 [5.00] 16.00 [5.50] 17 .00 [4.75] H(2)=3.15 207
Disease 12.19 [15.62] 13.45[9.57] - W(2) =523.00 .861
Duration?®
EDSS 513.00] 2 [1.88] - W(2)=178.50 <.001
Sex:
man 18 {52.94} 14 {46.67} 14 {46.67}
women 16 {47.06} 16 {53.33} 16 {53.33} x(2,94)=0.34 .843
Handedness":
right-handed 32 {94.12} 27 {90.00} 27 {90.00}
left-handed 1 {2.94} 3 {10.00} 3 {10.00} - 554
Employment:
yes 16™ {47.06} 23 {76.67} 26" {86.67}
no 18" {52.94} 7 {23.33} 4™ {13.33} - .002
MS Medication:
yes 28 {82.35} 25 {83.33} -
no 6 {17.65} 5 {16.67} - x(1,64)=0.04 .845

Note. Standard deviations are between parentheses. Interquartile ranges are between squared brackets. Percentages
are between curly brackets and may, due to rounding and missing values, not add up to 100. As assumptions for
parametric testing were violated, Kruskal-Wallis tests were conducted. Fisher’s exact test was conducted instead
of Chi-square test, when cell count was lower than five. Significant omnibus tests were followed up with
Bonferroni corrected post-hoc test (Dunn’s test or paired Fishers exact test). Asterisks, daggers and double daggers
reflect significant post-hoc group differences. Adapted from “The importance of pyramidal tract integrity for
cortical plasticity and related functionality in patients with multiple sclerosis” by C. Balloff, P. Albrecht, A.-S.
Stucke, L. Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A. Schnitzler, I.-K. Penner and S.J. Groiss, 2023,
Frontiers in Neurology, 14, p. 06. (https://doi.org/10.3389/fneur.2023.1266225). Copyright 2023 by Balloff,
Albrecht, Stucke, Scala, Novello, Hartmann, Meuth, Schnitzler, Penner and Groiss.

2 Measured in years.

b Missing value: N =1 (PMS).

RRMS vs. PMS: ¥ p <.05, ¥ p < .01, ¥ p <.001
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Table 2: Results of the Neuropsychological Test Battery and Tests of Motor Function by Group.

Tests Results Group Test Statistic P
PMS RRMS HC
(N=34) (N=30) (N=30)
Median [IOR] _ Median [IOR] Median [IQR]
n {%} n {%} n {%}

BVMT:
sum-score 19.00°"* [12.75] 23.50[12.00] 28" [5.50] H2)=1796 <.001
z-score -1.19"" [2.14] -0.14[2.37] 0.81""[1.12] H(2)=19.42 <.001
normal 22" {64.71} 23 {76.67} 28" {93.33}
pathological 127 {35.29} 7 {23.33} 2" {6.67} - 018
SDMT:
sum-score 42,50 #[13.50]  51.50%[22.50] 54.50"" [18.50] H(22)=2173 <.001
z-score -1L18™ H[1.17] -0.06% [1.84] 0.43"*[1.91] H(2)=2441 <.001
normal 26 {76.47} 25 {83.33} 28 {93.33}
pathological 8 {23.53} 5 {16.67} 2 {6.67} - .200
FSMC:
sum-score 70.50""" [33.75]  65.17777[30.00]  28.00"" 77 [23.50] H(2)=36.52 <.001
no fatigue 5 {14.71} 67" {20.00} 217 717 £70.00}
mild fatigue 3™ {8.82} 57 {16.67} 5% 1 416.67} - <.001
moderate fatigue 5{14.71} 3 {10.00} 3 {10.00}
severe fatigue 217 ™ {61.76} 16717 7{53.33} [T (3,33}
HADS-A:
sum-score 4.50 [5.50] 7.007" [6.00] 3.0077 [3.50] H(2)=12.32 .002
normal 25 {73.53} 167 T {53.33} 287 T {93.33}
borderline abnormal 8 {23.53} 9% {30.00} 27 {6.67} - .004
clinically abnormal 1{2.94} 51 {16.67} 07 {0.00}
HADS-D:
sum-score 4.00"*[7.00] 5.0077[4.00] 1.00™" 77 [3.00]  H(2)=26.92 <.001
normal 23" {67.65} 23 {76.67} 30" {100.00}
borderline abnormal 6" {17.65} 3 {10.00} 0" {0.00} - .007
clinically abnormal 5{14.71} 4 {13.33} 0 {0.00}
9-Hole-Peg-Test*°° 25.26"[9.01] 22.06" [5.02] 18.88"* T7[2.09]  H(2)=33.82 <.001
25 Foot Walk?®®4 6.39""" # [3.85] 4.467 #[1.59] 3.54™ 7110.94] H(2)=43.43 <.001

Note. Interquartile ranges are between squared brackets. Percentages are between curly brackets and may, due to
rounding, not add up to 100. As assumptions for parametric testing were violated, Kruskal-Wallis tests were
conducted. Fisher’s exact test was conducted because each variable had at least one cell count lower than five.
Significant omnibus tests were followed up with Bonferroni corrected post-hoc tests (Dunn’s test or paired Fishers
exact test). Asterisks, daggers and double daggers reflect significant post-hoc group differences. Adapted from
“The importance of pyramidal tract integrity for cortical plasticity and related functionality in patients with
multiple sclerosis” by C. Balloff, P. Albrecht, A.-S. Stucke, L. Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A.

Schnitzler, I1.-K.

Penner

and S.J.

Groiss,

2023,

Frontiers in

Neurology, 14,

p- 06.

(https://doi.org/10.3389/fneur.2023.1266225). Copyright 2023 by Balloff, Albrecht, Stucke, Scala, Novello,
Hartmann, Meuth, Schnitzler, Penner and Groiss.

2 Measured in seconds.

b Missing value: N=5 (n =2 PMS; n =3 HC).

¢ Only results of the right hand are displayed.

4 N=28 (n =4 PMS; n = 4 RRMS) were assigned a substitute value because they could not absolve the task.

RRMS vs. PMS: ¥ p < .05, #p < .01, ¥ p <.001
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Table 3: Electrophysiological Measures by Group.

Electrophysiological Group Test Statistic p
Measures
PMS RRMS HC
(N=34) (N=30) (N=130)
Mean (SD) Mean (SD) Mean (SD)
Median [IQR] Median [IQR] Median [/QR]
n {%} n {%} n {%}
Thresholds:
RMT? 55.50™ [14.00] 51.50 [18.00] 48.00" [6.75] H(2)=10.00 .007
AMT? 45.50" [13.00] 44.50 [11.00] 39.00"[5.00] H(2)=1.18 .005
MEP 0,5 mV? 81.00""[34.00]  66.50[30.00] 58.00""[11.25] H(2)=19.24 <.001
MEP Amplitude:
Pre-QPS*® 0.48" (0.14) 0.52 (0.13) 0.57° (0.13) F(2,91)=3.42 .037
Post-QPSmax” ¢ 0.67 [0.56] 0.96 [0.76] 0.96 [0.72] H(2)=5.50 .064
Latency®®: 25.39""1[5.96]  23.40%[2.07] 22,77 [2.77] H(2)=17.14 <.001
normal“f 23.31[1.68] 22.99 [1.72] 22.5[1.73] H(2)=2.46 293
pathological?® 29.43" [4.15] 26.47 [4.09] 25.04°[0.18] H2)=7.17 .028
normal®f 13" +{38.24} 224 {73.33} 23" {76.67}
pathological® ¢ 197"+ {55.88} 7+ {23.33} 5" {16.67} x(2,94)=13.51 .001
Excluded Frames 3.50%[4.75] 3.00%[2.00] 3.50[3.75] H(2)=1737 .025

Note. Interquartile ranges are between squared brackets. Percentages are between curly brackets and may, due to
rounding and missing values, not add up to 100. Because assumptions for parametric testing were violated, non-
parametric Kruskal-Wallis tests were conducted. Significant omnibus tests were followed up with Bonferroni
corrected post-hoc test (Dunn’s test or paired Fishers exact test). Asterisks, daggers and double daggers reflect
significant post-hoc group differences. Adapted from “The importance of pyramidal tract integrity for cortical
plasticity and related functionality in patients with multiple sclerosis” by C. Balloff, P. Albrecht, A.-S. Stucke, L.
Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A. Schnitzler, 1.-K. Penner and S.J. Groiss, 2023, Frontiers in
Neurology, 14, p. 06. (https://doi.org/10.3389/fneur.2023.1266225). Copyright 2023 by Balloff, Albrecht, Stucke,
Scala, Novello, Hartmann, Meuth, Schnitzler, Penner and Groiss.

® Measured in percentages.

> MEP Amplitude measured in mV.

¢ MEP amplitude at a stimulation intensity of the MEP 0,5 mV threshold.

4 Measured in milliseconds.

¢ Missing value: N=5 (n =2 PMS; n =1 RRMS; n =2 HC).

fLatencies < 24.5 ms

¢ Latencies > 24.5 ms

" measured as frequency

RRMS vs. PMS: ¥ p < .05, #p < .01, ¥ p <.001

3.2 Multilevel Mixed Modelling

3.2.1 Model Selection
In addition to the three predefined covariates age, sex and MEP latency, the variables

RMT threshold, number of excluded MEP frames, EDSS scores, employment rate, sum-scores
of the BVMT, SDMT, FSMC, HADS-A and HADS-D, as well as time to absolve the NHPT
and T25FW, were due to significant post-hoc between group differences, added as exploratory
covariates. Although significant group differences were also found for AMT and MEP 0.5 mV
thresholds, they were not included as exploratory covariates. The reason for this was that
statistically significant high magnitude Spearman’s rank correlations were found between AMT
and RMT thresholds, 74(92) = .88, p <.001, as well as MEP 0.5 mV and RMT thresholds, 7(92)
= .81, p < .001. Hence, the inclusion of all three variables to multilevel mixed model would
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violate the assumption of independent predictors. To tackle this problem, only RMT threshold
was assigned as an exploratory covariate, because it represents the minimum excitation
threshold of the left motor cortex on which both, AMT and MEP 0.5 mV threshold depend (Ma
et al., 2023). Likewise, only BVMT and SDMT sum-scores were included as exploratory
covariates, because they are in comparison easier to interpret and due to matching of
participants score dependency on age and education can be neglected.

Based on backward elimination of the exploratory covariates and A/C as a model fitting
criterion, the basic model that included the covariates latency and age, as well as their
interaction term, represented the data best. Moreover, AIC showed that the inclusion of a
random slope for the variable “time of assessment”, but not a random intercept improved model
fit. In addition, A/C indicated that the imposition of any specific variance structure or
autocorrelation did not improve model fit. In the following section, only the results of this final
model are reported.

3.2.2 Main Analysis
Observed and predicted means of the final model are illustrated in Table 4. The

parameter information of the fixed and random effects of the final model are summarized in
Table 5, while ANOVA results of the final model are solely described in the text below.
Moreover, mean MEP amplitude of the three groups (PMS, RRMS and HC) at pre- and post-
QPSmax assessment are illustrated in Figure 4, while mean MEP amplitude of the three groups
at pre- and post-QPSi.¢ assessment are illustrated in Figure 5.

Overall, the fixed effects of the model explained 32% of the data, marginal R = .32,
while the fixed and random effects combined explained about 97% of the data, conditional R’
=.97. Concerning the fixed effects, there was a significant intercept, F(1, 86) = 452.69 , p <
.001, indicating that MEP amplitude at pre-QPS assessment was significantly different from
zero. In this respect, the regression coefficient of » = .54, indicated that the manipulation of
identifying a stimulation intensity, evoking a mean MEP amplitude of about 0.5 mV at pre-
QPS assessment was, on average, successful, #(86) = 21.30, p < .001. Moreover, in line with
the hypothesis, there was a significant main effect of time of assessment on mean MEP
amplitude F(1, 86) = 32.86, p < .001, indicating that mean MEP amplitudes between pre-QPS
and post-QPSmax assessment were significantly different. Indeed, the model revealed that the
time of assessment significantly predicts an increase in MEP amplitude from pre-QPS to post-
QPSmax assessment, b = 0.51, #(86) = 5.73, p < .001. Regarding the random effects, MEP
amplitude varied more strongly at post-QPS assessment, Varpost-Qpsmax = 0.26, SD = 0.51,
compared to pre-QPS assessment, Varpe-qps = 0.01, SD = 0.10. This high variability of MEP
amplitudes is also reflected by the increase in error bars from pre-QPS to post-QPS assessment
in Figure 4 and Figure 5.

However, contrary to what was hypothesized, there was no significant main effect of
group on MEP amplitude F(2, 83) = 0.56, p = .576, showing that across time points, mean MEP
amplitude did, on average, not significantly differ between participants with PMS, RRMS and
HC. In line with these findings, the model revealed that neither PMS, b = - 0.04, #83) = - 1.02,
p = .310 nor RRMS b = - 0.03, #83) = - 0.75, p = .454 significantly predicted mean MEP
amplitudes that were different from those predicted by HC. Moreover, contrary to what was
hypothesized, there was no significant interaction effect between time of assessment and group
on mean MEP amplitude F(2, 83) =0.71, p = .497. This means that the increment in mean MEP
amplitude from pre- to post-QPSmax assessment did not differ between participants with PMS,
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RRMS and HC. More precisely, planned contrasts using Hochberg’s correction revealed that
the increment in MEP amplitude from pre- to post-QPSmax assessment did neither differ
between participants with PMS and HC #86) = - 0.91, p = .734 , d = 0.41, nor between
participants with RRMS and HC #(86) = 0.18, p = .857, d = 0.00, nor between participants with
RRMS and PMS #86) = -1.10, p = .734, d = 0.41. Moreover, the model demonstrated that
neither PMS, b =- 0.11, #(86) = - 0.91, p = .367 nor RRMS b = - 0.02, #(86) = 0.18, p = .857
did significantly predict increments in mean MEP amplitude from pre- to post-QPSmax
assessment that are significantly different from those predicted by HC. The non-significance of
these findings is also reflected by the large overlapping error bars depicted in Figure 4 and
Figure 5.

However, contrasting with the statistical results, these graphs show non-significant
trends, which suggests that individuals with PMS may have lower increments in post-QPSmax
MEP amplitude than individuals with RRMS and HC (Figure 4). This non-significant trend is
relatively consistent throughout the six post-QPS assessments (Figure 5). Yet, in support of the
analysis the graphical trends depicted in Figure 4 demonstrate that the increments in MEP
amplitude of individuals with RRMS and HC are of a similar magnitude. Nevertheless, some
small non-significant differences between HC and individuals with RRMS can be observed
across the six time points (Figure 5). These non-significant trends might suggest that
individuals with RRMS have lower increments in MEP amplitudes in the first half of
assessment, when compared to HC, but higher MEP amplitudes in the second half of the
assessment.

Regarding the covariates, there was a significant main effect of mean MEP latency on
mean MEP amplitude, F(1, 83) = 5.98, p = .017. This indicates that across time points and
groups, mean MEP amplitude was different for participants with different mean MEP latencies.
In that regard, the model revealed that mean MEP latencies negatively predict mean MEP
amplitudes b = - 0.04, #(83) = -2.45, p = .017. Due to the mean centering of covariates, this
means that participants with longer than average mean MEP latencies had lower mean MEP
amplitudes than participants with average MEP latencies.

Regarding the covariate age, there was no significant main effect on mean MEP
amplitude, F(1, 83) = 0.59, p = .445. This indicates that across time points and groups, mean
MEP amplitude did not differ between participants of different ages. In line with that finding,
the model revealed that differences in participants age did not significantly predict differences
in mean MEP amplitude across time points b = - 0.01, #83) = - 0.77, p = .445. Due to mean
centering, this indicates that compared to participants who were of average age (M = 49,69),
participants who were older or younger than average, did not have different mean MEP
amplitudes across time. Furthermore, there was no significant interaction effect between mean
MEP latency and age on MEP amplitude across groups and time points, F(1, 83) = 3.69, p =
.058. Thus, across time points and groups, the influence of participant’s mean MEP latency on
mean MEP amplitude did not depend on participant’s age. In accordance with that finding, the
model showed that the magnitude of the influence of mean MEP latency on mean MEP
amplitude was not significantly predicted by the age of participants, b = 0.03, #83) =1.92, p =
.058.
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Table 4: Observed and Predicted Means of the Final Multilevel Mixed Model.
Observed and model predicted means of MEP amplitude by group.

MEP Amplitude (mV) Group
PMS RRMS HC
(n=34) (n=30) (n=30)
Mean (SE) [95% CI] Mean (SE) [95% CI] Mean (SE) [95% CI]
Observed:
Pre-QPS? 0.48 (0.02) - 0.52 (0.02) - 0.57 (0.02) -
{1.23} {1.65} {1.65}
Post-QPSmax* 0.87 (0.09) - 1.04 (0.10) - 1.09 (0.09) -
Predicted:
Pre-QPS? 0.50 (0.02) [0.46;0.55] 0.52(0.02) [0.47;0.56] 0.54(0.03) [0.49;0.59]
Post-QPSmax* 0.91(0.09) [0.72;1.09] 1.05(0.10) [0.86;1.24] 1.05(0.10) [0.86; 1.25]

Note. Standard errors are between brackets. 95% confidence intervals are between squared brackets. Effect sizes
(Cohen's d) of within group differences are between curly brackets. Adapted from “The importance of pyramidal
tract integrity for cortical plasticity and related functionality in patients with multiple sclerosis” by C. Balloff, P.
Albrecht, A.-S. Stucke, L. Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A. Schnitzler, 1.-K. Penner and S.J.
Groiss, 2023, Frontiers in Neurology, 14, p. 06. (https://doi.org/10.3389/fneur.2023.1266225). Copyright 2023 by
Balloff, Albrecht, Stucke, Scala, Novello, Hartmann, Meuth, Schnitzler, Penner and Groiss.

* MEP amplitude at a stimulation intensity of the MEP 0,5 mV threshold.

Table 5: Parameter Information of the Final Multilevel Mixed Model.
Parameter information for fixed and random effects of the final multilevel mixed model, comparing the maximum
MEP amplitude after QPS with the MEP amplitude before QPS by group.

Parameter Information Fixed Effects Random Effects
p-coefficient (SE) [95% CI] Test Statistic P Variance SD
Intercept 0.54 (0.03) [0.49 ; 0.59] #(86)=21.30 <.001 - -
Time of Assessment:
Pre-QPS?? - - - - - -
Post-QPSmax 0.51 (0.09) [0.33; 0.69] #(86)=5.73 <.001 - -
Group:
HC? - - - - - -
RRMS - 0.03 (0.03) [-0.09;0.04] #83)=-0.75 454 - -
PMS - 0.04 (0.04) [-0.11;0.04] #83)=-1.02 310 - -
Covariates:
Latency - 0.04 (0.02) [-0.07;-0.01] «83)=-245 .017 - -
Age - 0.01 (0.01) [-0.04;0.02] #83)=-0.77 445 - -
Interaction Terms:
Post-QPSmax*RRMS -0.02 (0.13) [-0.23;0.27] #86)=0.18 857 - -
Post-QPSmax*PMS -0.11 (0.12) [-0.35;0.13] #86)=-0.91 367 - -
Latency*Age 0.03 (0.02) [0.00 ; 0.06] #(83)=1.92 .058 - -
Subject*Pre-QPS - - - - 0.01 0.10
Subject*Post-QPSmax - - - - 0.26 0.51
Residual - - - - 0.01 0.08

Note. Standard errors are between brackets. 95% confidence intervals of f-coefficients are between squared
brackets and were estimated using bootstrapping method. Significant f-coefficients and p-values are highlighted
in bold font. Conditional R’ = .97. Marginal R’ = .32. Adapted from “The importance of pyramidal tract integrity
for cortical plasticity and related functionality in patients with multiple sclerosis” by C. Balloff, P. Albrecht, A.-
S. Stucke, L. Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A. Schnitzler, 1.-K. Penner and S.J. Groiss, 2023,
Frontiers in Neurology, 14, p. 07. (https://doi.org/10.3389/fneur.2023.1266225). Copyright 2023 by Balloff,
Albrecht, Stucke, Scala, Novello, Hartmann, Meuth, Schnitzler, Penner and Groiss.

2 Factor-level served as a reference group.

® MEP amplitude at a stimulation intensity of the MEP 0,5 mV threshold.
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Fig. 4: MEP Amplitude from Pre-QPS to Post-QPSmax Assessment by Group.

The figure illustrates the QPS-induced increment in mean MEP amplitude in mV from pre- to post-QPSmax
assessment of HC, as well as participants with RRMS and PMS. The lines of the graph representing the RRMS
and PMS group were slightly shifted to the right so that error bars and their overlap can better be identified.
Abbreviation: max, maximum; mV, millivolts. Note. Adapted from “The importance of pyramidal tract integrity
for cortical plasticity and related functionality in patients with multiple sclerosis” by C. Balloff, P. Albrecht, A.-
S. Stucke, L. Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A. Schnitzler, 1.-K. Penner and S.J. Groiss, 2023,
Frontiers in Neurology, 14, p. 08. (https://doi.org/10.3389/fneur.2023.1266225). Copyright 2023 by Balloff,
Albrecht, Stucke, Scala, Novello, Hartmann, Meuth, Schnitzler, Penner and Groiss.
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Fig. 5: MEP Amplitude across all Time points of Assessment by Group.

The figure illustrates the QPS-induced increment in mean MEP amplitude in mV from pre QPS assessment across
all post-QPS assessments (post-QPSi.6) of HC, as well as participants with RRMS and PMS. The lines of the graph
representing the RRMS and PMS group were slightly shifted to the right so that error bars and their overlap can
better be identified. Abbreviation: mV, millivolts. Note. Adapted from “The importance of pyramidal tract
integrity for cortical plasticity and related functionality in patients with multiple sclerosis” by C. Balloff, P.
Albrecht, A.-S. Stucke, L. Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A. Schnitzler, 1.-K. Penner and S.J.
Groiss, 2023, Frontiers in Neurology, 14, p. 08. (https://doi.org/10.3389/fneur.2023.1266225). Copyright 2023 by
Balloff, Albrecht, Stucke, Scala, Novello, Hartmann, Meuth, Schnitzler, Penner and Groiss.

3.2.3 Post Hoc Testing of the Main Analysis
Due to the significant main effect of mean MEP latency on mean MEP amplitude, a

post-hoc analysis was conducted to test whether there was a significant interaction effect
between latency and time of assessment (pre vs. post QPS). For that purpose, the final model
was refitted including the time by MEP latency interaction term. The observed fixed and
random effects of this refitted model are summarized in Table 6.

Overall, it was found that the refitted model fitted the data better 4/C = 0.8 than the
original model AIC = 17.1. In line with that finding, the fixed effects of the refitted model
explained more variance of the data, marginal R’ = .45. Indeed, there was a significant
interaction effect between time of assessment and mean MEP latencies on mean MEP amplitude
F(1,85)=19.33, p <.001. In comparison to the previous model, the statistical significance of
the other fixed effects remained unchanged. Regarding the interaction effect, the refitted model
demonstrated that mean MEP latency negatively predicts increments in mean MEP amplitude
from pre- to post-QPSmax assessment b = - 0.06, #(85) = -4.40, p < .001. This means that
compared to participants with average durations of mean MEP latencies, participants with
longer than average mean MEP latencies had lower increments in mean MEP amplitudes from
pre- to post-QPS assessment. The time of assessment (pre- and post-QPSmax) by MEP latency
is illustrated in Figure 6, while the time of assessment (pre- and post-QPSi.¢) by MEP latency
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is illustrated in Figure 7. To simplify interpretation, the continuous variable mean MEP latency
was transformed into a categorical variable with two levels: a normal MEP latency (< 24.5 ms)
and a pathological MEP latency group (> 24.5 ms). In accordance with the findings of the
multilevel model, the depicted graph in Figure 6 shows that individuals with pathological MEP
latencies show a lower increase in MEP amplitude from pre-QPS to post-QPSmax assessment
than individuals with normal MEP latencies. In addition, the depicted graph in Figure 7
demonstrates that individuals with pathological MEP latencies show a lower increase in MEP
amplitude throughout all six post-QPS assessments.

Table 6: Parameter Information of the Post Hoc Multilevel Mixed Model

Parameter information for fixed and random effects of the post hoc multilevel mixed model, comparing the
maximum MEP amplitude after QPS with the MEP amplitude before QPS by group, including the time by latency
interaction.

Parameter Information Fixed Effects Random Effects
P-coefficient (SE) [95% CI] Test Statistic P Variance SD
Intercept 0.54 (0.03) [0.49 ; 0.59] #(85)=21.10 <.001 - -
Time of Assessment:
Pre-QPS?? - - - - - -
Post-QPSmax 0.41 (0.08) [0.24 ; 0.58] 1(85)=4.86 <.001 - -
Group:
HC? - - - - - -
RRMS - 0.02 (0.03) [-0.09; 0.05] t(83)=-0.64 525 - -
PMS - 0.03 (0.04) [-0.10; 0.05] t(83)=-0.70  .486 - -
Covariates:
Latency? - 0.01 (0.00) [-0.02;-0.01T «83)=-3.14 .002 - -
Age -0.001 (0.002) [-0.010;0.002] #83)=-0.77 445 - -
Interaction Terms:
Post-QPSmax*RRMS 0.10 (0.13) [-0.13;0.33] 1(85)=10.84 403 - -
Post-QPSmax*PMS 0.11(0.12) [-0.14; 0.35] #(85)=0.88 383 - -
Latency*Age® ¢ 0.001 (0.000) [0.000 ; 0.002] #(83)=1.92 .058 - -
Post-QPS*Latency -0.1(0.01) [-0.10;-0.03] «85)=-4.40 <.001
Subject*Pre-QPS - - - - 0.01 0.10
Subject*Post-QPSmax - - - - 0.21 0.50
Residual - - - - 0.01 0.08

Note. Standard errors are between brackets. 95% confidence intervals of f-coefficients are between squared
brackets and were estimated using bootstrapping method. Significant f-coefficients and p-values are highlighted
in bold font. Conditional R’ = .97. Marginal R> = .32. Note. Adapted from “The importance of pyramidal tract
integrity for cortical plasticity and related functionality in patients with multiple sclerosis” by C. Balloff, P.
Albrecht, A.-S. Stucke, L. Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A. Schnitzler, 1.-K. Penner and S.J.
Groiss, 2023, Frontiers in Neurology, 14, p. 07. (https://doi.org/10.3389/fneur.2023.1266225). Copyright 2023 by
Balloff, Albrecht, Stucke, Scala, Novello, Hartmann, Meuth, Schnitzler, Penner and Groiss.

2 Factor-level served as a reference group.

® MEP amplitude at a stimulation intensity of the MEP 0,5 mV threshold.

¢ Due to the small size of the estimated effect of the covariates as well as their interaction, S-coefficients, SE and
95% confidence intervals were rounded to three decimal places instead of two decimal places to improve
interpretability.

4 Standard error or lower bound of confidence interval equals zero due to rounding.
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Fig. 6: MEP Amplitude from Pre-QPS to Post-QPSmax Assessment by MEP Latency Duration.

The figure illustrates the QPS-induced increment in mean MEP amplitude in mV from pre- to post-QPSmax
assessment of participants with normal (< 24.5 ms) and pathological (> 24.5 ms) MEP latencies. The line
representing the pathological latency group was slightly shifted to the right so that error bars and can better be
identified. Abbreviation: max, maximum; ms, milliseconds; mV, millivolts. Note. Adapted from “The importance
of pyramidal tract integrity for cortical plasticity and related functionality in patients with multiple sclerosis” by
C. Balloff, P. Albrecht, A.-S. Stucke, L. Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A. Schnitzler, I.-K. Penner
and S.J. Groiss, 2023, Frontiers in Neurology, 14, p. 08. (https://doi.org/10.3389/fneur.2023.1266225). Copyright
2023 by Balloff, Albrecht, Stucke, Scala, Novello, Hartmann, Meuth, Schnitzler, Penner and Groiss.
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Fig. 7: MEP Amplitude across all Time points of Assessment by MEP Latency Duration.

The figure illustrates the QPS-induced increment in mean MEP amplitude in mV from pre QPS assessment across
all post-QPS assessments (post-QPSi-6) of participants with normal (< 24.5 ms) and pathological (> 24.5 ms) MEP
latencies. The line representing the pathological latency group was slightly shifted to the right so that error bars
can better be identified. Abbreviation: ms, milliseconds; mV, millivolts. Note. Adapted from “The importance of
pyramidal tract integrity for cortical plasticity and related functionality in patients with multiple sclerosis” by C.
Balloff, P. Albrecht, A.-S. Stucke, L. Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A. Schnitzler, I.-K. Penner
and S.J. Groiss, 2023, Frontiers in Neurology, 14, p. 08. (https://doi.org/10.3389/fneur.2023.1266225). Copyright
2023 by Balloff, Albrecht, Stucke, Scala, Novello, Hartmann, Meuth, Schnitzler, Penner and Groiss.

3.2.4 Exploratory Analysis
As for the main analysis, observed and predicted means of the explorative model are

shown in Table 7 and parameter information of the fixed and random effects are illustrated in
Table 8. Furthermore, mean MEP amplitude of the four groups (PPMS, SPMS, RRMS and
HC) at pre- and post-QPSnmax assessment are illustrated in Figure 8. Likewise, mean MEP
amplitudes of the four groups at pre- and post-QPSi.¢ assessments are illustrated in Figure 9.
For clarity, when results of the exploratory analysis are matching those of the main analyses,
only ANOVA results are shortly presented in the paragraphs below. However, deviating results
as well as the main effect of group and the group by time interaction are reported in detail.

The fixed and random effects combined explained the same amount of data as the final
model of the main analysis, marginal R’ = .32, conditional R? = .97. Moreover, in accordance
with the main analysis, there was a significant non-zero intercept F(1,85) = 449.75, p < .001.
Likewise, there was a significant main effect of the time of assessment on mean MEP amplitude
F(1,85)=32.57, p <.001. In addition, regarding the random effects of time of assessment, mean
MEP amplitude varied more strongly at post-QPS Varpost-Qpsmax = 0.25, SD = 0.50, assessment
compared to pre-QPS assessment, Varpe-qps = 0.01, SD = 0.10. This high variability of MEP
amplitudes is again, also reflected by the increase in error bars from pre-QPS to post-QPS
assessment in Figure 8 and Figure 9.
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Also, we observed no significant main effect of group on mean MEP amplitude F(3,82)
= 0.66, p = .577. In that respect, the model revealed that neither PPMS, b = - 0.06, #82) = -
1.38, p = .172, nor SPMS b = - 0.02, #82) = - 0.40, p = .689, nor RRMS b = - 0.025 #82) = -
0.73, p = .465, predict mean MEP amplitudes across time that are significantly different from
those of HC. Moreover, in accordance with the main analysis, there was no significant
interaction effect between time of assessment and group on mean MEP amplitude F(3,85) =
0.54, p = .66. Planned contrasts using Hochberg’s correction revealed that the increment in
MEP amplitude from pre- to post-QPSmax assessment did neither differ between participants
with PPMS and SPMS #90) = 0.32, p = .961, d = 0.11, nor between participants with PPMS
and HC #90) =-1.09 , p = .961 d = 0.58, nor between participants with SPMS and HC #90) =
- 0.84, p =961, d = 0.47, nor between participants with PPMS and RRMS #90)=-1.05,p =
961, d = 0.58, nor between participants with SPMS and RRMS #90) =-0.79 , p = .961, d =
0.47. In addition, the model showed that neither PPMS, b = - 0.16, #(85) =- 1.01, p = .317 nor
SPMS b = - 0.08, #85) = - 0.53, p = .600 nor RRMS b = - 0.02, #85) = 0.18, p = .858 did
significantly predict increments in MEP amplitude from pre- to post-QPSmax assessment that
are significantly different from those of HC. Again, the non-significance of these findings is
reflected by the large overlapping error bars depicted in Figure 8 and Figure 9.

Figure 8 shows a non-significant trend that might suggest that individuals with PPMS
and SPMS have lower increments in post-QPSmax MEP amplitude than individuals with RRMS
and HC. Yet, the figure shows that individuals with SPMS have slightly higher MEP amplitudes
than individuals with PPMS. In addition, observed over the six time points, individuals with
SPMS seem to show a somehow different dynamic in MEP amplitude increments compared to
individuals with PPMS (Figure 9). Also, non-significant graphical trends depicted in Figure 9
suggest that individuals with PPMS and SPMS might have higher increments in MEP
amplitudes in the first half of the six time points of assessment compared to individuals with
RRMS and HC. Still, for the majority of observations, MEP amplitudes of individuals with
PPMS and SPMS are below those of HC and individuals with RRMS.

In accordance with main analysis, a significant main effect of the covariate mean MEP
latency on mean MEP amplitude F(1,82) = 6.04, p = .016 was observed. Likewise, there was
no significant main effect of age on MEP amplitude F(1, 82) = 0.69, p = .410. However,
contrary to the main analysis, there was a significant interaction effect between mean MEP
latency and age on mean MEP amplitude across times of assessment, F(1, 82) = 4.34, p = .040.
This indicates, that across time points and groups, the magnitude of the influence of participants
mean MEP latency on mean MEP amplitude did change depending on variations in participants’
age. In that regard, the model showed that the magnitude of the influence of mean MEP latency
on mean MEP amplitude significantly increased, when participants age increased above
average, b = 0.001 #82) = 2.08, p = .040.
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Table 7: Observed and Predicted Means of the Explorative Multilevel Mixed Model.
Observed and explorative model predicted means of MEP amplitude by separated progressive groups.

MEP Group
Amplitude (mV)
PPMS SPMS RRMS HC
(n=14) (n=20) (n=30) (n=30)
Mean [95% CI] Mean [95% CI] Mean [95% CI] Mean [95% CI]
(SE) (SE) (SE) (SE)
Observed:
Pre-QPS? 0.46 - 0.51 - 0.52 - 0.57 -
(0.03) (0.03) (0.02) (0.02)
{1.31} {1.42} {1.89} {1.89}
Post-QPSmax* 0.82 - 0.90 - 1.04 - 1.09 -
(0.15) (0.12) (0.10) (0.09)
Predicted:
Pre-QPS? 048 [0.41;0.55] 0.52 [0.46;0.59] 0.52 [0.47;0.56] 0.54 [0.49;0.59]
(0.04) (0.03) (0.02) (0.03)
Post-QPSmax* 0.83 [0.56;1.11] 096 [0.72;1.20] 1.05 [0.86;1.24] 1.05 [0.86;1.25]
(0.14) (0.12) (0.10) (0.10)

Note. Standard errors are between brackets. 95% confidence intervals are between squared brackets. Effect sizes
(Cohen's d) of within group differences are between curly brackets. Adapted from “The importance of pyramidal
tract integrity for cortical plasticity and related functionality in patients with multiple sclerosis” by C. Balloff, P.
Albrecht, A.-S. Stucke, L. Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A. Schnitzler, 1.-K. Penner and S.J.
Groiss, 2023, Frontiers in Neurology, 14, p. 06. (https://doi.org/10.3389/fneur.2023.1266225). Copyright 2023 by
Balloff, Albrecht, Stucke, Scala, Novello, Hartmann, Meuth, Schnitzler, Penner and Groiss.

* MEP amplitude at a stimulation intensity of the MEP 0,5 mV threshold.
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Table 8: Parameter Information of the Explorative Multilevel Mixed Model.
Parameter information for fixed and random effects of the exploratory multilevel mixed model, comparing the
maximum MEP amplitude after QPS with the MEP amplitude before QPS by separated progressive groups.

Parameter Information Fixed Effects Random Effects
P-coefficient (SE) [95% CI] Test Statistic P Variance SD
Intercept 0.54 (0.03) [0.49 ; 0.59] t(85)=21.21 <.001 - -
Time of Assessment:
Pre-QPS?? - - - - - -
Post-QPSmax 0.51 (0.09) [0.33;0.69] (85 =571 <.001 - -
Group:
HC* - - - - - -
RRMS - 0.03 (0.04) [- 0.09; 0.04] #(82)=-0.73 465 - -
PPMS - 0.06 (0.05) [-0.15;0.03] #(82)=-1.38 172 - -
SPMS - 0.02 (0.04) [-0.10; 0.07] #(82)=-0.40 .689 - -
Covariates:
Latency® -0.011 (0.004) [-0.019;-0.002] #«82)=-2.47 .016 - -
Age® 0.001 (0.002)  [-0.004;0.002] #82)=-0.54 .590 - -
Interaction Terms:
Post-QPSmax *RRMS 0.02 (0.13) [- 0.23; 0.27] #(85)=0.18 858 - -
Post-QPSmax *PPMS -0.16 (0.16) [- 0.47; 0.15] #(85)=-1.01 317 - -
Post-QPSmax *SPMS - 0.08 (0.14) [- 0.36; 0.21] #(85)=-0.53 .600
Latency*Age® ¢ 0.001 (0.001) [0.000; 0.002] #(82)=2.08 .041 - -
Subject*Pre-QPS - - - - 0.01 0.10
Subject*Post-QPSmax - - - - 0.26 0.51
Residual - - - - 0.01 0.08

Note. Standard errors are between brackets. 95% confidence intervals of f-coefficients are between squared
brackets and were estimated using bootstrapping method. Significant f-coefficients and p-values are highlighted
in bold font. Conditional R’ = .97. Marginal R’ = .32. Adapted from “The importance of pyramidal tract integrity
for cortical plasticity and related functionality in patients with multiple sclerosis” by C. Balloff, P. Albrecht, A.-
S. Stucke, L. Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A. Schnitzler, 1.-K. Penner and S.J. Groiss, 2023,
Frontiers in Neurology, 14, p. 07. (https://doi.org/10.3389/fneur.2023.1266225). Copyright 2023 by Balloff,
Albrecht, Stucke, Scala, Novello, Hartmann, Meuth, Schnitzler, Penner and Groiss.

2 Factor-level served as a reference group.

® MEP amplitude at a stimulation intensity of the MEP 0,5 mV threshold.

¢ Due to the small size of the estimated effect of the covariates as well as their interaction, S-coefficients, SE and
95% confidence intervals were rounded to three decimal places instead of two decimal places to improve
interpretability.

4 Lower bound of confidence interval equals zero due to rounding down to three decimal places.
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Fig. 8: MEP Amplitude from Pre-QPS to Post-QPSmax Assessment by Group with Separated Subgroups.
The figure illustrates the QPS-induced increment in mean MEP amplitude measured in mV from pre- to post-
QPSmax assessment of HC (r = 30), as well as participants with RRMS (n = 30), PPMS (n = 14) and SPMS (n =
20). The lines of the graph representing the RRMS, PPMS and SPMS group were slightly shifted to the right so
that error bars and their overlap can better be identified. Abbreviation: max, maximum; mV, millivolts. Note.
Adapted from “The importance of pyramidal tract integrity for cortical plasticity and related functionality in
patients with multiple sclerosis” by C. Balloff, P. Albrecht, A.-S. Stucke, L. Scala, S. Novello, C.J. Hartmann,
S.G. Meuth, A. Schnitzler, 1.-K. Penner and S.J. Groiss, 2023, Frontiers in Neurology, 14, p. 08.
(https://doi.org/10.3389/fneur.2023.1266225). Copyright 2023 by Balloff, Albrecht, Stucke, Scala, Novello,
Hartmann, Meuth, Schnitzler, Penner and Groiss.
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Fig. 9: MEP Amplitude across all Time points of Assessment by Group with Separated Subgroups.

The figure illustrates the QPS-induced increment in mean MEP amplitude measured in mV from pre QPS
assessment across all post-QPS assessments (post-QPSi6) of HC (r = 30), as well as participants with RRMS (n
=30), PPMS (n = 14) and SPMS (n = 20). The lines of the graph representing the RRMS, PPMS, and SPMS group
were slightly shifted so that error bars and their overlap can better be identified. Abbreviation: mV, millivolts.
Note. Adapted from “The importance of pyramidal tract integrity for cortical plasticity and related functionality in
patients with multiple sclerosis” by C. Balloff, P. Albrecht, A.-S. Stucke, L. Scala, S. Novello, C.J. Hartmann,
S.G. Meuth, A. Schnitzler, 1.-K. Penner and S.J. Groiss, 2023, Frontiers in Neurology, 14, p. 08.
(https://doi.org/10.3389/fneur.2023.1266225). Copyright 2023 by Balloff, Albrecht, Stucke, Scala, Novello,
Hartmann, Meuth, Schnitzler, Penner and Groiss.

3.2.5 Post Hoc Testing of the Exploratory Analysis
Due to the significant main effect of mean MEP latency on mean MEP amplitude, a

post-hoc analysis was conducted, which revealed a significant interaction effect between time
of assessment and mean MEP latency on mean MEP amplitude F(1, 84) = 18.84, p <.001. The
statistical significance of all other fixed effects resembled the previous analysis. Overall, the
refitted exploratory model represented the data better A/C = 4.0 than the original exploratory
model AIC =20.0 and the fixed effects explained more variance of the data, marginal R’ = .45.
For the interested reader, fixed and random effects of the model are depicted in Table 9.
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Table 9: Parameter Information of the Post Hoc Exploratory Multilevel Mixed Model

Parameter information for fixed and random effects of the exploratory multilevel mixed model, comparing the
maximum MEP amplitude after QPS with the MEP amplitude before QPS by separated progressive group,
including the time by latency interaction.

Parameter Information Fixed Effects Random Effects
P-coefficient (SE) [95% CI] Test Statistic D Variance SD

Intercept 0.54 (0.03) [0.49 ; 0.59] 1(84)=21.03 <.001 - -

Time of Assessment:

Pre-QPS?? - - - - - -

Post-QPSmax® 0.41 (0.09) [0.24 ; 0.58] 1(84)=4.82 <.001 - -

Group:

HC* - - - - - -

RRMS - 0.02 (0.03) [-0.09; 0.05] #(82)=-0.62 536 - -

PPMS - 0.05 (0.05) [-0.14; 0.04] #(82)=-1.06 291 - -

SPMS - 0.01 (0.04) [-0.09; 0.08] #(82)=-0.18 .858 - -

Covariates:

Latency® -0.014 (0.004) [-0.022;-0.005] #«82)=-3.15 .002 - -

Age® -0.001 (0.002) [-0.004;0.002] #82)=-0.54 .590 - -

Interaction Terms:

Post-QPSmax *RRMS 0.10 (0.12) [- 0.13; 0.33] 1(84)=0.84 405 - -

Post-QPSmax *PPMS 0.11 (0.15) [- 0.19; 0.42] 1(84)=0.71 461 - -

Post-QPSmax *SPMS 0.10 (0.14) [-0.17; 0.37] 1(84)=0.74 459

Latency*Age*¢ 0.001 (0.001) [0.000; 0.002] #(82)=2.08 040 - -

Post-QPS*Latency -0.06 (0.01) [-0.09;-0.03] #84)=-434 <.001

Subject*Pre-QPS - - - - 0.01 0.10

Subject*Post-QPSmax - - - - 0.22 0.46

Residual - - - - 0.01 0.08

Note. Standard errors are between brackets. 95% confidence intervals of f-coefficients are between squared
brackets and were estimated using bootstrapping method. Significant f-coefficients and p-values are highlighted
in bold font. Conditional R’ = .97. Marginal R’ = .32. Adapted from “The importance of pyramidal tract integrity
for cortical plasticity and related functionality in patients with multiple sclerosis” by C. Balloff, P. Albrecht, A.-
S. Stucke, L. Scala, S. Novello, C.J. Hartmann, S.G. Meuth, A. Schnitzler, 1.-K. Penner and S.J. Groiss, 2023,
Frontiers in Neurology, 14, p. 08. (https://doi.org/10.3389/fneur.2023.1266225). Copyright 2023 by Balloff,
Albrecht, Stucke, Scala, Novello, Hartmann, Meuth, Schnitzler, Penner and Groiss.

2 Factor-level served as a reference group.

® MEP amplitude at a stimulation intensity of the MEP 0,5 mV threshold.

¢ Due to the small size of the estimated effect of the covariates as well as their interaction, S-coefficients, SE and
95% confidence intervals were rounded to four decimal places instead of three decimal places to improve
interpretability.

4 Lower bound of confidence interval equals zero due to rounding down to three decimal places.

4. Discussion and Conclusions

4.1 Summary
The aim of this thesis was to investigate, whether the degree of QPS-induced LTP-like

plasticity differs between progressive subtypes of MS, relapsing remitting MS as well as
healthy individuals and can therefore, serve as a suitable biomarker for MS. In that regard, a
study was conducted in which it was hypothesized that QPS induces LTP-like plasticity in all
of the above-mentioned groups (Hi), that individuals with stable RRMS do not differ in their
degree of QPS-induced LTP-like plasticity from healthy individuals (H2) and that individuals
with PMS have lower degrees of QPS-induced LTP-like plasticity than individuals with stable
RRMS (Hs,) and healthy individuals (Hsp). In line with Hi, this study demonstrated that QPS
indeed induces LTP-like plasticity in all individuals regardless of group membership.
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Moreover, in accordance with H», this study also demonstrated that individuals with stable
RRMS do not differ in their degree of QPS-induced LTP-like plasticity from healthy
individuals. Yet, contrary to H3. and Hap, this study shows that individuals with PMS did not
show significantly lower degrees in QPS-induced LTP-like plasticity than individuals with
RRMS or healthy individuals. This finding remained the same when individuals with PPMS
and SPMS were exploratively analyzed as separate PMS groups. However, there was a high
variability in post-QPS scores, and graphical trends suggest that individuals with PMS may
have lower LTP-like plasticity than either individual with RRMS or HC. These null-findings
may be due to the small to medium sample size of subgroups (HC n = 30, RRMS » = 30 and
PMS n = 34) and thus, lack of statistical power. Nevertheless, exploratory analyses indicated,
that differences in pyramidal tract integrity determine differences in QPS induced LTP-like
plasticity, with lower degrees of pyramidal tract integrity resulting in lower QPS induced LTP-
like plasticity increments. In addition, exploratory analyses indicate that the influence of
pyramidal tract integrity on QPS induced cortical plasticity increases, to a small extent, with
increasing age. However, before conclusions can be drawn, the results found here need to be
interpreted in the context of the findings of other studies in this field, as well as this study’s
strengths and limitations.

4.2. Discussion

4.2.1 Interpretation of Results in Light of Previous Research
First, the results of this study are interpreted in the context of other research in the field,

using the same or different LTP-like plasticity inducing rTMS protocols. The finding that QPS
induces LTP-like plasticity in all individuals regardless of MS subtype is in line with previously
conducted research, which indicated that QPS is a powerful tool in inducing LTP-like plasticity
(Tiksnadi et al., 2020, Hamada et al., 2008). In addition, the finding that individuals with stable
RRMS do not differ in their degree of QPS induced LTP-like plasticity from healthy
individuals, is consistent with other findings from our research group, in which the same QPS
protocol was used (Balloff et al., 2022, Balloff et al., 2023b). This finding is also concurring
with those of studies, in which LTP-like plasticity was induced by means of other rTMS
protocols such as PAS (Zeller et al., 2010) and iTBS (Mori et al., 2013). Given that it has been
shown by our and other research groups, that individuals with RRMS who are in relapse or
otherwise cognitively or motorically impaired, exhibit decreased LTP-like plasticity (Mori et
al., 2014a, Mori et al., 2012, Balloff et al., 2022, Balloff et al., 2023b, Balloff et al., 2024), the
result of this study supports the notion, that individuals with stable MS show preserved LTP-
like plasticity, because inflammatory processes that impede plasticity are not as pronounced
(Stampanoni Bassi et al., 2019b). However, a more recent study by Stampanoni Bassi et al.
(2024) demonstrated lower levels of iTBS-induced LTP-like plasticity in recently diagnosed
individuals with stable RRMS compared to HC, challenging the abovementioned claim. Yet, it
has to be noted, that unlike the individuals in this study’s sample, none of the individuals in the
sample received anti-inflammatory or disease modifying medication prior to investigation
(Stampanoni Bassi et al., 2024). In that regard, it was demonstrated that anti-inflammatory as
well as disease modifying medication reduce neuroinflammation in MS (Romme Christensen
et al., 2019), that the discontinuation of these medication predicts disease worsening and
progression in individuals with stable RRMS (Jakimovski et al., 2022) and that anti-
inflammatory treatment restores LTP-like plasticity in individuals with RRMS with active
lesions (Mori et al., 2012). Taking these findings into account, the result of reduced LTP-like

43



plasticity in individuals with stable RRMS found by Stampanoni Bassi et al. (2024), may have
been carried by a latently active inflammatory reaction due to non-treatment. Still, another
conflicting result was reported by Baione et al. (2020), who in comparison with healthy
individuals, found lower degrees of iTBS induced LTP-like plasticity in a medicated stable
RRMS sample. The authors attributed these findings on methodological differences in the
rTMS application, as well as inflammatory reactions, although no inflammatory markers were
investigated (Baione et al., 2020). Consequently, to disentangle the relationship between QPS-
induced LTP-like plasticity and neuroinflammation, future studies that use QPS and also
consider inflammatory markers derived from MRI images and/or liquid markers from blood
and CSF samples are warranted (Nazeri et al., 2022).

In addition, contrary to the finding of Mori et al. (2013) who induced LTP-like plasticity
using iTBS, this study did neither find a difference in QPS-induced LTP-like plasticity between
individuals with PMS and individuals with RRMS nor between individuals with PMS and HC.
This is also striking, as the protocol used in this study monitored LTP-like plasticity in
accordance with Nakamura et al. (2016), over the course 60 minutes. Therefore, the probability
of capturing LTP-like plasticity, should have been higher compared to other protocols with
shorter observation periods, such as Mori et al. (2013), who only monitored LTP-like plasticity
over 15 minutes. Moreover, these results remained the same when the PPMS and SPMS groups
were analyzed separately, ruling out the possibility that the null result was caused by the merger
of these subgroups. This finding is striking, as previous studies using other LTP-inducing rTMS
protocols found that individuals with PMS have low concentrations of platelet-derived growth
factor (PDGF) and high concentrations of TNF-a in their CSF (Rossi et al., 2014, Mori et al.,
2013), which are associated with neurodegeneration and decreased LTP-like plasticity (Rossi
et al., 2014, Mori et al., 2014b). Hence, there might be other reasons for the null-finding in this
study. One reason could have been the high variability in MEP amplitudes at post-QPSmax
assessment and, as a consequence, loss in statistical power (Tu et al., 2005, Mullineaux and
Wheat, 2017). This assumption is supported by the fact that non-significant graphical trends
were observed, suggesting that individuals with PMS may have a lower average post-QPSmax,
as well as post-QPSi.s MEP amplitudes than both, healthy individuals and individuals with
RRMS. In this study, the increased variability and statistical power loss, may have been caused
by the comparably low number of 12 applied rTMS stimuli (+ 9 after frame exclusion due to
artifacts) (Goldsworthy et al., 2016, Chang et al., 2016, Biabani et al., 2018, Bashir et al., 2017),
as well as the manual rTMS application (Richter et al., 2013, Kahl et al., 2023, Julkunen et al.,
2009). To this respect, Chang et al. (2016) showed that depending on the rTMS protocol, 21 —
25 stimuli need to be applied in order to receive reliable measures of MEP amplitude. This is
concurrent with other studies indicating that over 20 or even over 30 stimuli should be applied
for the attainment of reliable MEP amplitudes (Goldsworthy et al., 2016, Biabani et al., 2018,
Bashir et al.,, 2017). Only one meta-analysis by Cavaleri et al. (2017) suggests that the
application of 10 stimuli might result in sufficiently reliable MEP amplitudes. This meta-
analysis is however, solely based on four studies of which three focus on a different target
muscle and two have a sample size of 12 subjects or less (Cavaleri et al., 2017).

Taken together, this difference in the number of applied stimuli could explain why Mori
et al. (2013), who applied 25 rTMS stimuli, did find reduced LTP-like plasticity in PMS
individuals, while Conte et al. (2009), who used 20 rTMS stimuli did not. In addition, regarding
the manual application of rTMS, it was demonstrated that MRI based navigated rTMS results
in a more precise identification of the motor hot spot (Caulfield et al., 2022), as well as the
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stimulation of the target site over time (Richter et al., 2013) and thus, more reliable results of
MEP amplitude (Kahl et al., 2023, Julkunen et al., 2009). Indeed, Bardel et al. (2024), who
applied navigated rTMS, found that compared to individuals with RRMS, individuals with
PPMS show reduced MEP amplitudes, suggesting that the trend found in this study may be due
to variability caused by inconsistent coil positioning. Yet, the authors did not use a plasticity
inducing rTMS protocol and thus, it remains unclear if this finding holds after plasticity
inducing rTMS (Bardel et al., 2024). As a consequence, future studies using a navigated LTP-
like plasticity inducing QPS protocol and a sufficiently high number of rTMS stimuli are
needed to determine whether individuals with PMS have lower QPS-induced LTP-like
plasticity than healthy individuals and individuals with stable RRMS, or not.

Moreover, exploratory analyses found that differences in pyramidal tract integrity as
measured by means of MEP latency, determines differences in QPS-induced LTP-like
plasticity. In this regard, analyses demonstrated that lower degrees of pyramidal tract integrity
resulted in lower QPS-induced LTP-like plasticity increments. Moreover, exploratory analyses
demonstrated that this influence of pyramidal tract integrity on QPS-induced LTP-like
plasticity slightly grows with increasing age. These findings are in line with previous findings
of our research group, in which a negative correlation between QPS-induced LTP-like plasticity
and MEP latency was demonstrated (Balloff et al., 2022). Likewise, previous research from our
and other research groups demonstrated that increasing age is associated with lower amounts
of QPS-induced LTP-like plasticity (Balloff et al., 2022) and longer MEP latency (Shibuya et
al., 2016). These associations, as well as the finding of this study could be explained by the
concept of trans-synaptic degeneration (Murphy et al., 2023). This concept describes a process
in which axonal or neuronal injury, for example due to inflammatory reactions, results in a loss
of afferent and efferent neuronal connections, which in turn cause a degeneration of
synaptically connected neurons (Murphy et al., 2023, Dinkin, 2017). In that regard, the axonal
injury may result in a prolonged MEP latency (Jang et al., 2005), while the loss of synapses and
neurons could express itself in a lower capacity to produce LTP-like plasticity (Wegner et al.,
2006, Mori et al., 2013, Boonstra et al., 2020). In addition, as these processes accumulate over
time, they could show an association with the affected individuals age (Pitcher et al., 2003,
Musella et al., 2018, Manouchehrinia et al., 2017). Indeed, studies reported the loss of synapses
and neurons in the spinal cord and cortex of individuals with PMS (Petrova et al., 2020, Jiirgens
et al., 2016). In accordance with that finding, this study revealed that MEP latencies were
significantly more often pathological in individuals with PMS than healthy individuals and
individuals with stable RRMS. Similarly, non-significant graphical trends of this study
demonstrated lower degrees in LTP-like plasticity in individuals with PMS compared to healthy
individuals and individuals with stable RRMS.

However, if trans-synaptic degeneration is indeed more frequent in individuals with
PMS, the question arises as to why no statistically significant differences in MEP amplitudes
were observed between these individuals and the other groups. An explanation could be that
the individuals within the subgroups of MS do not form a homogenous group (Signori et al.,
2023). This is supported by previous studies of our research group, showing that there are
differences in QPS-induced LTP-like plasticity between cognitively and motorically high and
low functioning individuals with RRMS (Balloff et al., 2022, Balloff et al., 2023b). Amongst
other things, reasons for this heterogeneity could be differences in the response to
pharmacological treatment and disease activity reflected by the amount of neuroinflammation
and neurodegeneration (Signori et al., 2023, Mori et al., 2013, Luchetti et al., 2018, Cellerino
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etal., 2021). Taking this into account, the abovementioned non-significant PMS subgroup trend
may have resulted because the generally more commonly neurodegenerative processes in this
MS subgroup are not expressed to the same degree in all individuals (Vavasour et al., 2022,
Signori et al., 2023, Mahad et al., 2015). In any case, this heterogeneity may have added to the
variability of post-QPSmax and post-QPSi.s MEP amplitudes. Consequently, future studies are
needed to focus more strongly on subgroup differences in pyramidal tract integrity by means
of MEP latency and the impact of these differences on QPS-induced LTP like plasticity.
Moreover, in order to reduce heterogeneity, future QPS studies should include markers of
neuroinflammation and neurodegeneration, as well as sufficiently powered subgroup analyses
of cognitively and motorically high and low functioning individuals.

4.2.2 Strengths and Limitations
Starting with the strengths, the study reported here is the first that assessed whether

QPS-induced LTP-like plasticity differs between individuals with RRMS, PMS, and healthy
individuals and can therefore, be considered as a diagnostic und prognostic biomarker of MS,
which is not conflicted by the CRP. Although no difference in the amount of LTP-like plasticity
between the three groups was found, this study is the first to reveal that the degree of pyramidal
tract integrity determines QPS induced LTP-like plasticity and that this influence increases with
increasing age.

Yet, the power of QPS compared to other rTMS protocols, lies in its higher reliability
and lower non-responder rate of LTP-like plasticity induction (Tiksnadi et al., 2020). These
advantages of QPS are assumed to result from the more selective activation of glutaminergic
synapses within the M1 (Matsumoto and Ugawa, 2020), which appear to be distorted in MS
(Macrez et al., 2016, Azevedo et al., 2014). Accordingly, these strengths of QPS compared to
other rTMS protocols underscore the relevance of the graphical trends observed in this study.
To this respect, it supports the notion that the high variability of LTP-like plasticity observed
here, can rather be attributed to other factors, such as the low number of averaged stimuli and
the non-navigated application (Richter et al., 2013, Kahl et al., 2023, Julkunen et al., 2009,
Chang et al., 2016). Consequently, using QPS protocols seems to be the right endeavor to
further investigate LTP-like plasticity in MS individuals.

Another strength lies in the conceptualization of this study. In that regard, the number
of individuals with progressive MS included in this study exceeded those of previous studies in
the field, which disregarding the low number of stimuli, added statistical power to the study
design (Mori et al., 2013, Conte et al., 2009). Moreover, in addition to LTP-like plasticity, this
study also focused on individuals’ cognitive and motor functioning as well as their
neurophysiological and psychiatric characteristics. The inclusion of these characteristics as
covariates to the multilevel mixed model and the evaluation of their impact by means of
backward elimination may have reduced confounding and thus, increased the internal-validity
of this study (Van der Weele, 2019, Grimes and Schulz, 2002). Additionally, as LTP-like
plasticity was monitored over the course of 60 minutes, the probability of capturing the
maximum LTP-like plasticity, which had been shown to vary inter-individually was
maximized, adding validity and power to the design (Ziemann and Siebner, 2015, Nakamura et
al., 2016).

Yet, another strength of this study lies in the methodological approach. Namely, the
comparison of the amount of LTP-like plasticity of PMS individuals with the amount of LTP-
like plasticity of two control groups: healthy individuals and individuals with stable RRMS.
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The inclusion of these two control groups benefits the internal validity of the study and supports
the assumption that the observed trend of reduced QPS-induced LTP-like plasticity is caused
by increased disease severity and distinct pathological processes in PMS individuals (Malay
and Chung, 2012). Yet, it has to be mentioned that the benefit of these two control groups
mostly accounts for the ANOVA results and less for the regression part of the conducted
multilevel mixed model. However, as the observed increments in LTP-like plasticity were equal
in individuals with RRMS and healthy individuals, an additional regression analysis in which
the RRMS group was coded as a refence group did not seem feasible. Despite all of the
abovementioned strengths of the reported study, there are also limitations that will be discussed
next.

As mentioned above one limitation of this study is the relatively high interindividual
variability of post-QPSmax MEP amplitudes in each group. This variability is surprising, as
previous research demonstrated that QPS induces MEP amplitudes with only little fluctuation
in comparison to other rTMS protocols (Tiksnadi et al., 2020, Nakamura et al., 2016). However,
this lower variability has so far only been demonstrated in healthy individuals by the same
research group in Fukushima (Tiksnadi et al., 2020, Nakamura et al., 2016, Matsumoto and
Ugawa, 2020). Thus, further research needs to address whether this advantage of QPS
generalizes or only accounts for certain forms of administration, ethnicities or population
subgroups (Pellegrini et al., 2018). In any case, the variability of post-QPSmax MEP amplitudes
in this study may possibly have overshadowed a significant between group effect of QPS-
induced LTP-like plasticity and thus, needs further attention. As described above, the variability
observed here may have been caused by the low number of 12 averaged stimuli at each trial
(Chang et al., 2016). Yet, it has to be noted that this cohort study was part of a longitudinal
study, which consisted of an extensive research design that took several hours to be conducted.
Consequently, if more stimuli had been added to this study, it would have increased
conductance time even further and thus, could have itself had detrimental effects on MEP
amplitude variability due to increased fatigue/decreased alertness (Noreika et al., 2020, Guerra
et al., 2020b).

Another reason mentioned above that may have resulted in increased variability of post-
QPSmax MEP amplitudes could have been the incorrect identification of the motor hotspot or
inconsistent stimulation of the target site due to the manual application of rTMS (Richter et al.,
2013, Kahl et al., 2023, Julkunen et al., 2009). Although the correct manual stimulus application
was persistently monitored by the trained investigators and the motor hotspot was marked with
a colorful pen before the QPS protocol was started, navigated rTMS allows for a more precise
identification and more constant stimulation of the target site (Julkunen et al., 2009). However,
MRI images that are required for this navigated approach were not available in this study
(Ruohonen and Karhu, 2010). Furthermore, adding the acquisition of these images to the study
design would have prolonged the extensive protocol used here and thus, may have deterred
participants from participation or biased the rTMS results due to increased fatigue/decreased
alertness (Noreika et al., 2020, Guerra et al., 2020b).

An additional factor that may have contributed to the increased variability in MEP
amplitudes is that this study applied an open-loop QPS protocol (Janssens and Sack, 2021).
According to Leite et al. (2017), open-loop protocols are defined as rTMS techniques in which
a stimulus of a predefined fixed intensity and interval is applied without considering the activity
state of the targeted brain structure. This activity state of the brain is reflected by endogenous
neural oscillations, that can be made visual in electroencephalography (EEG) (Zrenner et al.,
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2018, Soleimani et al., 2023, Humaidan et al., 2024). In contrast, closed-loop rTMS protocols
are those that apply rTMS in a brain-state dependent manner (Zrenner and Ziemann, 2024,
Humaidan et al., 2024). That means that for every individual, each TMS stimulus is adapted
according to the EEG-TMS output of the previous stimulus in an offline or real-time machine-
learning-based approach (Humaidan et al., 2024). Consequently, stimuli are only applied when
the stimulated brain structure is most susceptible for it (Zrenner et al., 2018). Due to this, closed
loop rTMS protocols are highly personalized and thus, allow for a more precise and efficient
application of stimuli (Zrenner et al., 2018, Tervo et al., 2022, Humaidan et al., 2024). This
increased precision and efficiency is reflected in reduced variability of the measured TMS
outcomes (Zrenner et al., 2018, Meincke et al., 2016). Nevertheless, a great body of closed-
loop rTMS research has only emerged in the past few years before or even after this study was
conceptualized and the development of valid closed-loop rTMS protocols is still in process
(Humaidan et al., 2024, Hernandez-Pavon et al., 2023b, Car¢ et al., 2024). Also, the aim of this
study was to use an established QPS protocol and apply it to a sample of individuals with
different MS subtypes. It is therefore the task of future studies to develop a closed-loop QPS
protocol and evaluate its effects in MS subgroups.

In addition, previous research demonstrated many other traits that influence MEP
amplitude such as age (Pitcher et al., 2003), attention during rTMS application (Noreika et al.,
2020), MEP latency (Vallence et al., 2023), biological sex (Pitcher et al., 2003), genetic make-
up (Raginis-Zborowska et al., 2019), muscle contraction (Muellbacher et al., 2000),
psychological disorders (Cantone et al., 2017), pharmacological treatment (Sohn et al., 2024),
sleep (Lang et al., 2011), daytime of TMS application (Sale et al., 2007), as well as caffeine
and nicotine intake amongst other things (Vigne et al., 2023, de Miquel et al., 2021). Many of
these factors were controlled for in this study, either through covariate diagnostics (for example
age, sex, MEP latency, pharmacological treatment, depressive symptoms and anxiety
symptoms) or through the inclusion and exclusion criteria (for example, psychological
disorders, pharmacological treatment and drug intake) while others were not considered (for
example, genetic make-up, daytime of TMS application, sleep, caffeine and nicotine use) or not
systematically assessed (for example attention during rTMS application and muscle
contraction) (Van der Weele, 2019). However, it has to be noted that one study cannot control
for all possible confounders, when type one error inflation ought to be prevented and a timely
tolerable research design ought to be maintained (Wang et al., 2017, Van der Weele, 2019). In
fact, this study pioneered in assessing and comparing QPS-induced LTP-like plasticity among
individuals with different subtypes of MS and healthy individuals. Hence, it is the task of future
studies to further evaluate factors that might impact the effects found here.

In addition, the merger of PPMS and SPMS could have contributed to the high
variability in MEP amplitudes at post-QPSmax assessment. This is supported by the observed
graphical trends, which demonstrated a different dynamic in MEP amplitude increments over
time between individuals with PPMS and SPMS. However, the conducted exploratory analysis
of this study did not show a significant difference in maximum LTP-like plasticity between
both groups. In support of this, the observed graphical trends demonstrated only little deviations
in the increment of MEP amplitude from pre-QPS to post-QPSmax between individuals with
PPMS and SPMS. Besides, previous research indicates that while the clinical presentation
differs (Lublin et al., 2014, Harding-Forrester et al., 2023), the pathophysiology of these two
disease types shows a similar pattern (Lublin et al., 2014). Nevertheless, although the number
of PPMS and SPMS participants was comparable to those of other studies (Mori et al., 2013,
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Conte et al., 2009), it was probably too small to show a well powered between group effect if
it was indeed there (Button et al., 2013). Thus, future studies should replicate these findings,
using an adequate sample size to increase statistical power.

Further limitations concern the fact, that only the M1 was targeted with QPS in this
study. However, in individuals with MS, this area can be affected by neurodegenerative
processes (Bergsland et al., 2015). In that regard, studies indicated that surrounding areas such
as the supplementary motor cortex often compensate for the loss in M1 functioning (Filippi et
al., 2004, Faivre et al., 2015). As this compensatory reorganization of the brain poses a plastic
change in itself (Prosperini et al., 2015, Pantano et al., 2006) and differs between MS subgroups
(Loitfelder et al., 2011), it could also affect the ability to produce LTP-like plasticity
(Stampanoni Bassi et al., 2019a). However, this structural and functional reorganization can
only be assessed by imaging techniques such as functional MRI (Péran et al., 2020), which
were not available in this study. Therefore, the impact of functional reorganization on LTP-like
plasticity in different MS subgroups should be evaluated in future QPS studies.

Moreover, the QPS protocol of this study was only applied unilaterally to the left M1
and thus, only assessed LTP-like plasticity of the cortical networks in this region. Nevertheless,
the inflammatory and neurodegenerative affection of the entire CNS may also impact
intercortical networks connecting both hemispheres (Wahl et al., 2011, Tahedl et al., 2018).
Indeed, studies demonstrate that intercortical networks play an important role in brain plasticity
(Tamura et al., 2019, Bai et al., 2023). These intercortical networks can be assessed by adding
fMRI to unilateral rTMS (Tamura et al., 2019), or by applying a bilateral rTMS protocol (Ferris
et al., 2018). Therefore, applying these adaptations to future QPS studies may help to further
reveal potential differences in LTP-like plasticity between different MS subgroups.

Another limitation is that only one specific type of plasticity, namely LTP-like plasticity

was investigated in this study. Thus, based on the results found here, no inferences about other
types of plasticity can be made. Nevertheless, assessing all types of plasticity was beyond the
scope of this study. In addition, LTP-like plasticity is the most commonly investigated type of
plasticity in MS research (Ksiazek-Winiarek et al., 2015). Reasons for this are that the affection
of excitatory glutamate pathways through neuroinflammation are considered to be involved in
MS pathology (Stampanoni Bassi et al., 2021, Levite, 2017) and that LTP-like plasticity was
found to restore the function of neurons that were damaged as a consequence (Stampanoni Bassi
et al., 2018, Mori et al., 2014a). Yet, an increasing body of research indicates that other types
of plasticity, such as LTD and metaplasticity, may be of equal importance in neurodegenerative
disorders (Zorumski and Izumi, 2012, Li et al., 2017, Kishore et al., 2012). For example, LTD-
like plasticity was shown to be reduced in the cerebellum of mice with experimental
autoimmune encephalomyelitis (Prochnow et al., 2013). In addition, Mori et al. (2013)
demonstrated that while cTBS resulted in LTD-like plasticity in healthy individuals, it resulted
in LTP-like plasticity in individuals with stable RRMS. Taken together, these findings point
towards the conclusion that plasticity may not only be impaired in MS, but also dysregulated.
Such a dysregulation might result from distortions in metaplasticity, a concept of activity
dependent LTP and LTD plasticity regulation (Miiller-Dahlhaus and Ziemann, 2015).
Indeed, Baione et al. (2020) demonstrated that metaplasticity was altered in an RRMS sample.
Consequently, future QPS studies assessing LTP-like plasticity, LTD-like plasticity and
metaplasticity are needed to disentangle the complex interplay of different plasticity types and
their influence on MS pathology.
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In addition, due to the brevity of the post-QPS assessment, which was conducted for a
total period of 60 minutes, only early effects of LTP-plasticity were investigated (Raymond,
2007, Baltaci et al., 2019). While these early effects are assumed to also allow for inferences
about more long-lasting, late effects (Zeller and Classen, 2014, Abraham et al., 1993), this
might not be true in the presence neuroinflammation and neurodegeneration (Liu et al., 2012).
Therefore, information about late effects is needed to uncover all facets of LTP-like plasticity
in individuals with different subtypes of MS. In fact, when looking at the graphical trends of
the six assessment points of this study, it seems as if LTP-like plasticity seems to increase
beyond the investigated time frame. Thus, future studies should also focus on the long-lasting
effects of QPS-induced LTP-like plasticity in different MS subtypes.

Furthermore, it needs to be stated that the HC group of the sample investigated here was
a convenience sample, including friends as well as family members of the investigators and
participants (Stratton, 2021). In addition, the study was conducted during the COVID-19
pandemic. This, together with the extensive test design, which may have also posed a barrier
for severely affected MS individuals, could have resulted in the selection of fewer severely
affected individuals with less weakened immune systems, participating in this study (Abraham
et al., 2023). Indeed, the median EDSS in this study was moderate for individuals in the PMS
group (Kurtzke, 1983). Moreover, in line with the findings by Sachdev et al. (2021), some of
the individuals with MS who were approached to take part in this study stated as a reason for
their unwillingness to participate, that they feared a COVID-19 infection when coming to the
hospital for assessment. Also, as this study was conducted in an outpatient setting, some
individuals, who were willing to participate could not do so, because they were too disabled to
reach the clinic on their own. All of this may have contributed to a selection bias, causing
systematic error and impeding generalizability of the results of this study (Tripepi et al., 2010,
Cipriani et al., 2009). Nevertheless, it has to mentioned that some of this bias could be reduced
by balancing participants in age, sex and education across all groups (Greifer and Stuart, 2021).
Yet, the study should be replicated in a more severely affected MS sample to receive a complete
picture regarding MS subgroup differences in QPS-induced LTP-like plasticity. However, due
to the extensiveness of the protocol and the reduced baseline endurance of severely affected
MS individuals, adherence to such a replication study may be low (Mead et al., 2012, Cavaleri
et al., 2017). Thus, more patient friendly QPS protocols need to be developed to attract more
disabled individuals to participate (Eggers et al., 2015).

Additionally, during this study, the TMS coils as well as the signal amplifier became
defective and had to be sent to the manufacturer in order to be repaired. Due to this, recruitment
and assessment had to be paused for about one year. However, as this study is cross-sectional
and the pause was relatively short, no negative impacts on the results are assumed.

Moreover, it could be argued, that the sole comparison of the maximum post-QPS MEP
amplitude may have caused systematic error due to the observed fluctuations of MEP
amplitude. Having this in mind, it could further be argued that the grand mean of all six post-
QPS assessment should have been compared instead. However quite the contrary is the case,
as the time of LTP-like plasticity onset shows interindividual differences (Karabanov et al.,
2015). The comparison of the grand mean of all six post-QPS assessments would thus have
attenuated and overshadowed the full LTP-like plasticity inducing potential of QPS.
Nonetheless, future studies evaluating between MS subgroup differences at all stages of QPS-
induced LTP-like plasticity induction are needed. However, for that purpose a navigated, EEG
guided, closed loop rTMS approach should be used in order to account for individual
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differences in LTP-like plasticity occurrence and optimalization of LTP-like plasticity
induction (Humaidan et al., 2024).

Despite of all limitations, it has to be noted that the study reported here was the first that
examined LTP-like plasticity in different subtypes of MS, applying a QPS protocol. Taking the
strengths and limitations of this study into account, it is the task of future studies to further
investigate on these findings. Such avenues for future studies are outlined in the next chapter.

4.2. Outlook
The paragraphs before mentioned many ideas for adaptations through which future

research could elaborate on the limitations of this study. For a better overview, this paragraph
will provide a short summary of the most important implications. As stated above, these
adaptations, should include an increased number of stimuli of minimally 25 for each trial to
increase reliability (Chang et al., 2016). Moreover, inflammatory blood/CSF markers should be
assessed to better evaluate the impact of disease activity in MS individuals on LTP-like
plasticity (Nazeri et al., 2022). Furthermore, MRI should be included in future studies to allow
for a more precise identification and stimulation of the targeted area through navigated rTMS
(Julkunen et al., 2009, Caulfield et al., 2022). In addition, closed-loop protocols of QPS should
be developed to account for interindividual variability in brain activity states and to increase
efficiency of stimulus application (Humaidan et al., 2024). Also, bilateral rTMS should be
applied to account for spatial variability in lesional load and inflammation as well as the impact
of intercortical networks on LTP-like plasticity (Tamura et al., 2019, Ferris et al., 2018).
Additionally, QPS protocols that assess other types of plasticity such as LTD-like plasticity and
metaplasticity should be applied. Moreover, individuals with PPMS and SPMS should be
investigated separately in a greater, higher-powered sample to assess whether there are indeed
no differences in LTP-like plasticity between these subgroups. Furthermore, other factors, such
as MEP latency (Vallence et al., 2023), attention (Noreika et al., 2020) and daytime of
assessment (Sale et al., 2007), that impact LTP-like plasticity should more thoroughly be
investigated and controlled for in the future. While this list could be continued, the most
important aspects of future research are the focus on longitudinal studies, pharmacological
studies and studies using personalized QPS approaches. Thus, the next paragraphs will briefly
discuss these topics.

Up until now, no longitudinal study exists, that examined QPS-induced LTP like
plasticity in individuals with different subtypes of MS over time. However, a subsequent study
conducted by our research group investigated the relationship between LTP-plasticity at
baseline and disease progression in a period of five years (Balloff et al., 2024). In that study, it
was found that QPS-induced LTP-like plasticity at baseline did predict decline in some
functional areas such as manual dexterity (Balloff et al., 2024). Yet, for other functional areas,
either no effect was found or results remained inconclusive (Balloff et al., 2024). In any case,
the number of stimuli used and the number of PMS individuals assessed in that study were at
the lower end which may have impacted the power of the results (Goldsworthy et al., 2016,
Chang et al., 2016, Biabani et al., 2018, Bashir et al., 2017, Balloff et al., 2024). Moreover, the
median time span of assessment comprised only two years (Balloff et al., 2024). Yet, as MS
progresses slowly, especially when treated adequately, longer time intervals are needed to
assess the predictive value of QPS-induced LTP-like plasticity over time (Tremlett et al., 2006,
Tedeholm et al., 2013). Nevertheless, longitudinal studies are important when assessing the
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suitability of QPS-induced LTP-like plasticity as a prognostic biomarker of MS and should
therefore be focused on in the future (Housley et al., 2015).

Another important aspect of future research is the impact of pharmacological and
rehabilitative treatment on LTP-like plasticity in individuals with different subtypes of MS
(Stampanoni Bassi et al., 2022). This is important because pharmacological and rehabilitative
treatment positively effects neurotrophic and inflammatory processes (Sucksdorff et al., 2019,
Mehrpour et al., 2015, Joisten et al., 2021). Indeed, these processes have been shown to affect
the direction of rTMS induced LTP-like plasticity (Stampanoni Bassi et al., 2019b, Mori et al.,
2013). Moreover, in line with these findings, studies indicate that rehabilitative treatment and
some pharmacological treatment benefit LTP-like plasticity (Prosperini et al., 2015, Nicoletti
et al., 2020). However, research on the latter is highly limited to non-MS medication
(Stampanoni Bassi et al., 2018, Caipa et al., 2018). In addition, no other study systematically
investigated the influence of these treatments on rTMS induced LTP-like plasticity in a well
powered sample of individuals with different subtypes of MS. Still, research in this field is
especially important to evaluate the ability of LTP-like plasticity as a prognostic biomarker of
multiple sclerosis (Housley et al., 2015).

Furthermore, future studies should develop and implement personalized QPS protocols
when assessing LTP-like plasticity in individuals with different subtypes of MS. According to
Humaidan et al. (2024), these personalized protocols should consist of Al-based closed loop
state dependent rTMS that is applied through multi locus TMS transducers. This
recommendation is based on previous research indicating that the brain might be especially
susceptible for LTP-plasticity induction during the negative peak of EEG measured alpha
oscillations (Stefanou et al., 2018, Karabanov et al., 2021). These alpha oscillations have a
frequency of about 8-13 Hz and also occur in the sensory motor cortex and the surrounding
areas, where they are referred to as mu-rhythm (Llanos et al., 2013, Karabanov et al., 2021).
Moreover, research indicates that multi locus TMS transducers improve feedback-controlled
stimulation and allow for a faster detection of the target sites (Koponen et al., 2018). Thus, in
summary, these personalized approaches not only increase reliability due to output
optimalization (Menardi et al., 2022), but also may help to develop shorter, more patient
friendly QPS protocols that are also accessible for more disabled individuals (Gogulski et al.,
2023). Consequently, future research in this field is of utter importance when LTP-like
plasticity should be established as a diagnostic and prognostic biomarker that is suitable in
clinical practice.

4.3. Conclusions
This thesis evaluated, whether QPS-induced LTP-like plasticity can serve as a

neurophysiological diagnostic and prognostic biomarker in different subtypes of MS. It can be
concluded that QPS is a suitable and highly effective tool in inducing LTP-like plasticity not
only in healthy individuals, but also in individuals with MS regardless of their subtype. Yet,
based on the results, it cannot be concluded that the degree of QPS-induced LTP-like plasticity
differs between individuals with different MS subtypes or between individuals with MS and
healthy individuals. Rather, these results lead to the conclusion that the degree of QPS-induced
LTP-like plasticity does more strongly depend on the degree of pyramidal tract integrity, which
should further be investigated in future studies.

Nevertheless, non-significant graphical trends, showing that individuals with PMS have
lower degrees of QPS-induced cortical plasticity than both healthy individuals and individuals
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with stable RRMS, may point towards issues in statistical power of this study, for example due
to methodological issues regarding the optimal rTMS application and number of applied TMS
stimuli. In this regard, future longitudinal studies optimizing these methodological issues, such
as through an Al-based personalized rTMS approach with a sufficiently high stimulus number,
might help to better evaluate QPS-induced cortical plasticity as a MS biomarker and its
potential in resolving the CRP. However, this thesis concludes that QPS-induced LTP-like
plasticity cannot not yet be considered as a neurophysiological diagnostic and prognostic
biomarker in different subtypes of MS.
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