
 

 

 
 

Quadripulse-stimulation-induced plasticity in 
patients with multiple sclerosis and its functional 

relevance 
 
 
 

Inaugural-Dissertation 
 

 
zur Erlangung des Doktorgrades 

der Mathematisch-Naturwissenschaftlichen Fakultät 
der Heinrich-Heine-Universität Düsseldorf 

 

 

vorgelegt von 

 

Carolin Balloff 
aus Düsseldorf 

 

 

 

Düsseldorf, Mai 2024 

 
  



 

 
 

 
 
 
aus dem Institut für experimentelle Psychologie  
der Heinrich-Heine-Universität Düsseldorf 
 
 

 

 

 

 

 

 

 

 

 
 
 

Gedruckt mit der Genehmigung der  
Mathematisch-Naturwissenschaftlichen Fakultät der  
Heinrich-Heine-Universität Düsseldorf  

 

 

 

Berichterstatter: 

1. Prof. Dr. Axel Buchner, Institut für experimentelle Psychologie, Heinrich-Heine-
Universität Düsseldorf 
 
 
 

2. Prof. Dr. Iris-Katharina Penner, Universitätsklinik für Neurologie, Inselspital, Bern, 
Schweiz 

 

Tag der mündlichen Prüfung: 12.07.2024



Table of contents 

I 
 

Table of contents 

Table of contents .................................................................................................................... I 

List of abbreviations ............................................................................................................. III 

Abstract .............................................................................................................................. IV 

1. Introduction ..................................................................................................................... 1 

1.1. Pathophysiology of MS and phenotypes ..................................................................... 2 

1.2. Clinical symptoms and disease progression ............................................................... 4 

1.3. Clinico-radiological paradox ........................................................................................ 5 

1.4. Neuroplasticity and cortical plasticity .......................................................................... 6 

1.5. Synaptic plasticity ....................................................................................................... 8 

1.5.1. Metaplasticity ........................................................................................................ 9 

1.5.2. Evaluating synaptic plasticity using rTMS .............................................................. 9 

1.5.2.1. Quadripulse stimulation (QPS) .....................................................................12 

1.6. Synaptic plasticity in patients with MS .......................................................................13 

1.7. Aim of this thesis .......................................................................................................14 

2. Studies included in this thesis ..................................................................................... 15 

2.1. Study 1 – Synaptic plasticity in RRMS and its association with cognitive performance

 .........................................................................................................................................16 

2.2. Study 2 – Synaptic plasticity during acute relapses ...................................................16 

2.3. Study 3 – Synaptic plasticity in PMS and its association with motor performance ......17 

2.4. Study 4 – Prognostic value of synaptic plasticity for disease progression ..................17 

3. Discussion ..................................................................................................................... 18 

3.1. Summary and interpretation of the results .................................................................18 

3.2. Strengths and limitations of the studies......................................................................22 

3.2.1. Variability of rTMS effects ....................................................................................24 

3.2.2. Plasticity beyond LTP-like plasticity at M1 ............................................................27 

3.2.3. Other factors influencing disease progression ......................................................28 

3.2.4. Unforeseen circumstances throughout the study period .......................................29 

3.3. Implications and recommendations for future research ..............................................30 

4. Conclusion ..................................................................................................................... 31 

References ..................................................................................................................... XXXII 

Appendix A: 2017 McDonald criteria for diagnosis of multiple sclerosis .............................. LIV 

Appendix B: Original research articles ................................................................................ LVI 

Study 1 – Synaptic plasticity in RRMS and its association with cognitive performance ... LVI 

Study 2 – Synaptic plasticity during acute relapses ..................................................... LXXII 

Study 3 – Synaptic plasticity in PMS and its association with motor performance .... LXXXIX 



Table of contents 

II 
 

Study 4 – Prognostic value of synaptic plasticity for disease progression ....................... CIV 

Appendix C: List of further publications ....................................................................... CXXXIII 

Appendix D: Affidavit .................................................................................................. CXXXIV 

  



Abbreviations 

III 
 

List of abbreviations 
(articles excluded) 

BCM  ..................................................................................... Bienenstock-Cooper-Munro rule 

CIS  ............................................................................................... clinically isolated syndrome 

CNS  ................................................................................................... central nervous system 

COVID-19  ....................................................................................... coronavirus disease 2019 

CSP  ......................................................................................................... cortical silent period 

EDSS  .................................................................................. Expanded Disability Status Scale 

EEG  .................................................................................................. electroencephalography 

EMG  ........................................................................................................... electromyography 

IPS  ........................................................................................... information processing speed 

LMEM  .......................................................................................... linear-mixed-effects models 

LTD  ....................................................................................................... long-term depression 

LTP  ...................................................................................................... long-term potentiation 

M1  .......................................................................................................... primary motor cortex 

MEP  .................................................................................................... motor-evoked potential 

MRI  ........................................................................................... magnetic resonance imaging 

MS ................................................................................................................ multiple sclerosis 

PAS 25  .............. paired associative simulation protocol with an interstimulus interval of 25ms 

PIRA  .................................................................... progression independent of relapse activity 

PMS  ....................................................... primary or secondary progressive multiple sclerosis 

PPMS  ........................................................................... primary progressive multiple sclerosis 

QPS  .................................................................................................... quadripulse stimuation 

QPS-5  ...................................... quadripulse stimulation with an inter-stimulus interval of 5ms 

RIS  ....................................................................................... radiologically isolated syndrome 

ROC  ..................................................................................... receiver-operating characteristic 

RRMS  ............................................................................ relapsing-remitting multiple sclerosis 

rTMS  .................................................................... repetitive transcranial magnetic stimulation 

SDMT  ......................................................................................... Symbol Digit Modalities Test 

SPMS  ...................................................................... secondary progressive multiple sclerosis 

TBS  ...................................................................................................... theta burst stimulation 

TMS  .................................................................................... transcranial magnetic stimulation 



Abstract  

IV 
 

Abstract 

Despite advancements in understanding the pathophysiology of multiple sclerosis 

(MS), predicting individual clinical trajectories remains elusive. Compensatory mechanisms of 

neuroplasticity are gaining recognition as potentially significant contributors to shaping clinical 

outcomes and may hold prognostic value for disease progression. Synaptic plasticity, an early-

phase neuroplasticity mechanism, can be non-invasively investigated at the motor cortex using 

repetitive transcranial magnetic stimulation (rTMS). In patients with MS, the quadripulse-

stimulation (QPS) protocol in particular shows promise for effective induction of synaptic 

plasticity. 

This thesis investigated QPS-induced plasticity in patients with MS both in cross-

sectional and longitudinal contexts. Four empirical studies were conducted to compare 

plasticity across MS subtypes and healthy controls (HCs), assess its correlation with cognitive 

and motor function, study alterations in plasticity during acute relapses, and analyze its 

association with disease progression over time. The primary aim was to investigate QPS-

induced plasticity as a potential biomarker for predicting disease progression. 

The first study revealed a positive correlation between cognitive performance and QPS-

induced plasticity in patients with relapsing-remitting MS (RRMS), with plasticity serving as a 

distinguishing factor between patients with and without cognitive impairment. RRMS patients 

did not exhibit diminished plasticity compared to HCs. In the second study, QPS-induced 

plasticity did not significantly differ between patients with MS during acute relapses, stable 

patients with MS, and HCs. Exploratory findings suggested higher plasticity in relapsing 

patients with motor disability. Similarly, the third study found no significant differences in QPS-

induced plasticity among patients with different MS subtypes and HCs. Additionally, 

correlations with motor and cognitive functions were evident only in MS patients with intact 

corticospinal tract integrity. Longitudinal analysis in the fourth study revealed that patients 

experiencing clinically relevant decline in manual dexterity or visuospatial short-term learning 

and memory after a median follow-up of two years exhibited lower levels of baseline synaptic 

plasticity. However, overall functional outcomes remained relatively stable over time, with a 

similar number of patients experiencing improvement and decline. 

In summary, this thesis indicates preserved QPS-induced plasticity across all MS 

subtypes and disease activity levels. Furthermore, it highlights the need to consider clinical 

characteristics in synaptic plasticity research in patients with MS and proposes a potential link 

between the degree of QPS-induced plasticity and functional decline. However, the role of 

QPS-induced plasticity as an independent biomarker for predicting disease progression at the 

individual level currently remains uncertain due to various methodological challenges. 
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1. Introduction 

Multiple Sclerosis (MS) is an autoimmune inflammatory, demyelinating, and 

degenerative chronic disease of the central nervous system (CNS). Lesions can occur 

anywhere in the CNS, affecting both gray and white matter (Baecher-Allan et al., 2018; Di 

Filippo et al., 2018). Consequently, a variety of symptoms can emerge ranging from ‘visible’ 

physical symptoms, such as bladder dysfunction and spasticity, to ‘hidden’ symptoms, such 

as cognitive impairment and fatigue (Compston & Coles, 2008; Katz Sand, 2015; 

Lysandropoulos & Havrdova, 2015). 

Epidemiological data suggest a global prevalence rate of 36 per 100,000 people, 

meaning that approximately 2.8 million people are currently affected by MS worldwide (Walton 

et al., 2020). Although prevalence rates have risen within the last centuries in every world 

region, there’s great variation across the globe. With a rate of 303 per 100,000 Germany has 

the second highest prevalence worldwide (The Multiple Sclerosis International Federation 

[MSIF], 2020). Independent of the world region, there is a twofold increased risk for females 

compared to males (defined as sex assigned at birth) and the average age of diagnosis is 32 

years (Walton et al., 2020). Due to the early onset of the disease within the life span, MS is 

the most common neurological disease leading to disability in young adults (MSIF, 2020) and 

places a large personal as well as socioeconomic burden (Bebo et al., 2022; Mitchell et al., 

2005; Paz-Zulueta et al., 2020).  

Importantly, correlations between lesion load and clinical symptoms are generally poor 

(Barkhof, 2002). Despite the presence of significant radiological abnormalities, some patients 

may experience no or only mild symptoms, whereas others may experience severe symptoms 

despite minimal radiological findings. This discrepancy between clinical symptoms and 

radiological findings is referred to as the ‘clinico-radiological paradox’ (Barkhof, 2002) and 

suggests that disease progression and disability are determined by multiple factors. 

In addition to remyelination (Albert et al., 2007) and lesion location (strongly connected 

region, i.e. hub, or area of functional redundancy (Schoonheim et al., 2022)), compensatory 

mechanisms of neuroplasticity may play an important role (Zeller & Classen, 2014). 

Neuroplasticity may not only contribute to recovery of clinical symptoms but may also prevent 

them in the first place. If the structural and functional damage exceeds the compensatory 

reserve, CNS injury may manifest in clinical symptoms (Zeller & Classen, 2014). Therefore, it 

is of great interest to reliably assess and quantify neuroplasticity and to evaluate its prognostic 

value for the clinical course in patients with MS. 

Different methods have emerged to assess cortical plasticity, i.e. neuroplasticity at the 

cortical level, in both healthy and diseased brains. In addition to behavioral assessments and 

functional brain imaging, repetitive transcranial magnetic stimulation (rTMS) of the motor 

cortex has been introduced as a promising non-invasive technique (Barker et al., 1985). It can 
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modulate synaptic efficacy by strengthening or weakening existing synapses, which is referred 

to as long-term potentiation (LTP) and long-term depression (LTD), respectively (Bliss & 

Gardner-Medwin, 1973; Bliss & Lomo, 1973; Dudek & Bear, 1992). The degree of modulation 

induced by rTMS serves as a proxy for rapid-onset cortical plasticity (Zeller & Classen, 2014).  

The following chapters will introduce relevant pathophysiological and clinical aspects 

of MS. Moreover, detailed information on neuroplasticity, as well as the applied method, 

namely rTMS, and the quadripulse-stimulation (QPS) protocol in particular, will be provided. 

Subsequently, the current state of research on rTMS-induced plasticity in patients with MS will 

be reviewed, leading to the aim of this thesis. Four original research articles addressing 

specific objectives and hypotheses will then be presented. Finally, the results will be 

summarized and discussed. 

1.1. Pathophysiology of MS and phenotypes 

MS is characterized by 1) inflammatory lesions, primarily affecting myelin sheaths and 

oligodendrocytes (Lassmann, 2018), and 2) neurodegeneration (Sandi et al., 2021). While it 

remains unclear which of these processes is the primary initiator of MS pathology, both appear 

to be present at disease onset (Sandi et al., 2021). 

Oligodendrocytes do not only myelinate axons but also serve other important functions 

supporting axonal health (Simkins et al., 2021). Myelin is critical to increase the speed of action 

potential propagation and thus signal conduction between neurons (Hartline & Colman, 2007). 

If myelin and oligodendrocytes are destroyed, nerve conduction velocity is reduced or entirely 

lost (Koles & Rasminsky, 1972) and the loss of their protective functions can lead to axonal 

damage, transection, and loss (Kornek et al., 2000; Lovas et al., 2000; Trapp et al., 1998).  

After acute inflammatory demyelination, lesions can remain chronically active with 

detrimental clinical long-term effects (Absinta et al., 2019). Remyelination of demyelinated 

axons is possible, but highly variable across patients and lesion location, typically failing in 

periventricular lesions (Albert et al., 2007; Goldschmidt et al., 2009; Patrikios et al., 2006; 

Tonietto et al., 2023). The periventricular failure of remyelination may contribute to 

neurodegeneration (Tonietto et al., 2023), which also occurs diffusely in normal-appearing 

white and gray matter (Lassmann, 2018) and is already present early in the disease process 

(Hauser & Oksenberg, 2006). In addition to direct inflammatory damage to myelin, 

oligodendrocytes, and axons, indirect effects such as Wallerian degeneration (Dziedzic et al., 

2010), mitochondrial dysfunction (Witte et al., 2014), and oxidative burst activation of microglia 

and macrophages (Fischer et al., 2012) contribute to neurodegeneration. Consequently, brain 

atrophy rates are higher in patients with MS compared to the general population (Stefano et 

al., 2016). Demyelination and axonal injury typically dominate early in the disease, while 

enlargement of lesions in normal-appearing white and gray matter and neurodegeneration are 
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more pronounced in the progressive phase (Sandi et al., 2021). Figure 1 summarizes and 

illustrates the most important pathophysiological mechanisms of MS. 

 
 
Figure 1. Pathophysiological mechanisms of MS. 

 

Note. In the healthy brain, axons are surrounded by myelin. Interruptions in the myelin sheath 
along a myelinated axon are called Ranvier’s node. The signal propagates only from one 
Ranvier’s node to the next, facilitating rapid conduction known as ‘saltatory conduction’ (part 
1). If the myelin is damaged, signal propagation becomes slower or distorted (part 2). 
Additionally, the axon is vulnerable to attacks and degenerates (part 3), which ultimately results 
in degeneration of the entire nerve cell (part 4). Adapted from The National Multiple Sclerosis 
Society (2024a). 

 
 
Based on the rate of progression, MS is currently classified into four clinical courses. 

Patients with a first MS-typical clinical presentation can be diagnosed with clinically isolated 

syndrome (CIS), if the symptoms are suggestive of inflammatory demyelination but the full 

diagnostic criteria of MS are not yet fulfilled (please refer to appendix A for the detailed 

diagnostic criteria) (Lublin et al., 2014). Despite high variability of conversion rates across 

studies, most patients diagnosed with CIS are later diagnosed with clinically definite MS 

(Marcus & Waubant, 2013). For most patients (~85%), the disease initially presents as 

relapsing-remitting MS (RRMS). RRMS is characterized by episodes of sudden evolution or 

exacerbation of neurological symptoms on the one hand, and episodes of remission of these 
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symptoms and clinical stability on the other (Klineova & Lublin, 2018). As the disease 

progresses over time, remission remains incomplete more often, and most patients (>80%) 

with untreated RRMS develop secondary progressive MS (SPMS) within 25 years (Scalfari et 

al., 2010). However, disease modifying therapies can reduce the conversion rate markedly 

(Cree et al., 2016; Lublin et al., 2022). In SPMS, symptoms worsen progressively with or 

without acute exacerbations (Lublin et al., 2014). Due to this insidious accumulation of 

disability, diagnosis of SPMS is challenging and typically made retrospectively (Klineova & 

Lublin, 2018). Importantly, recent evidence suggests an important role of progression 

independent of relapse activity (PIRA) in patients with RRMS as well (Cagol et al., 2022; 

Kappos et al., 2020; Lublin et al., 2022). Unlike patients with RRMS and SPMS, those with 

primary progressive MS (PPMS) do not experience acute exacerbations, but instead face a 

gradual worsening of symptoms from the disease’s onset (Lublin & Reingold, 1996). 

Approximately 10-20% of patients with MS suffer from this disease type (Miller & Leary, 2007).  

Radiologically isolated syndrome (RIS) affects individuals who present no clinical signs 

but brain imaging findings indicating inflammatory demyelination. Due to the lack of specificity 

of these imaging findings, RIS is currently not classified as an MS subtype (Lublin et al., 2014). 

However, 34% of these patients experience a first acute or progressive clinical event within 

five years (Okuda 2014). Therefore, close monitoring of individuals with RIS is warranted 

(Lublin et al., 2014).  

MS lesions can potentially occur anywhere in the CNS, but are typically located 

juxtacortical, cortical, periventricular and infratentorial, as well as in the corpus callosum and 

the cervical segment of the spinal cord (Filippi et al., 2019). Although myelin concentration is 

higher in white compared to gray matter (Corrigan et al., 2021), lesions occur in both types of 

brain tissue (Hulst & Geurts, 2011). Thus, various clinical symptoms can arise, which will be 

outlined in the next chapter. 

1.2. Clinical symptoms and disease progression  

MS can manifest with a wide range of clinical symptoms and severity. However, 

bowel/bladder, mobility and sexual dysfunction, visual disturbances, spasticity, sensory 

disturbances, pain, dizziness, cognitive impairment, fatigue, and depression are the most 

typical symptoms (The National Multiple Sclerosis Society, 2024b). Within the first year of the 

disease, sensory disturbances and fatigue are the most frequently reported symptoms, 

affecting 85% and 81% of patients, respectively. Even at this early stage of the disease, 15% 

require mobility assistance at least occasionally and 63% report subjective change in their 

cognitive functions (Kister et al., 2013). Consequently, patients with MS often experience a 

reduced quality of life (Benedict et al., 2005), and leave the workforce (Kobelt et al., 2017; 

Langdon, 2011; Renner et al., 2020). 
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Cognitive impairment occurs with a prevalence of 34-65% and typically includes deficits 

in information processing speed (IPS), learning, memory, executive functioning, and 

visuospatial processing. Despite high variability across patients, IPS, learning and memory are 

most frequently and earliest impaired (Benedict et al., 2020; Wojcik et al., 2022). Recent 

evidence suggests that IPS depends on the intact functioning of extensive networks rather 

than single structures. Thus, focal lesions compromising these complex connections can lead 

to impaired IPS early in the disease course (Macaron et al., 2020; Tóth et al., 2019). Learning 

and memory functions, however, may be associated with spreading pathology in the gray 

matter as well as brain atrophy, especially in the hippocampus (Tóth et al., 2019). 

In addition to their genuine, onerous effects, cognitive deficits can also have detrimental 

secondary effects, e.g. poor treatment adherence (Roy et al., 2016). In general, cognitive 

impairment is accentuated in patients with progressive types of MS (PMS) compared to 

patients with RRMS (Benedict et al., 2020; Johnen et al., 2017; Sonneville et al., 2002). 

Cognitive performance declines with disease progression independently of normal ageing 

effects (Amato et al., 2006) and, with time, deficits arise in previously unaffected domains 

(Achiron et al., 2013). 

Disease progression is highly variable across subjects and is either acquired relapse-

associated or through PIRA (Lublin et al., 2022). Global brain tissue loss in patients with PIRA 

and those with relapse activity appears to be similar (Cagol et al., 2022; Cree et al., 2019). 

However, the specific mechanisms underlying disability accumulation are not yet fully 

understood (Cagol et al., 2022). Generally, male sex is associated with faster disability 

accumulation (Alvarez-Sanchez 2022). Further, older age and higher levels of pre-existing 

disability are linked to incomplete recovery from relapses, thereby contributing to disability 

accumulation (Lublin et al., 2022). Several potential biomarkers of disease activity and 

progression have been investigated, but despite their prognostic value on the group level, their 

clinical use on the individual level is limited (Yang et al., 2022). For example, significant 

disparities between lesion load observed in brain imaging and clinical symptoms have been 

identified and termed the ‘clinico-radiological paradox’ (Barkhof, 2002) which will be further 

elucidated in the subsequent chapter.  

1.3. Clinico-radiological paradox 

The ‘clinico-radiological paradox' describes the inconsistent correlation between 

clinical symptoms experienced by patients with MS and the extent or severity of radiological 

findings. While some patients exhibit significant clinical disability despite minimal or non-visible 

lesions on magnetic resonance imaging (MRI) scans, others have few clinical symptoms 

despite extensive lesions (Barkhof, 2002). In line with this, cognitive performance was found 
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to be only weakly to moderately correlated with T2 MRI lesion burden in a large meta-analysis 

(Mollison et al., 2017).  

Since Barkhof‘s (2002) initial description of this phenomenon, significant advances 

have been made to better understand the relationship between brain lesions and clinical 

symptoms. These advances include insights into the relevance of lesion location, as well as 

structural and functional brain network connectivity (Carotenuto, Valsasina, et al., 2022; 

Cipriano et al., 2023; Eshaghi et al., 2018; Hackmack et al., 2012; Lapucci et al., 2022; Pardini 

et al., 2015; Soares et al., 2021; Welton et al., 2020; Zivadinov et al., 2016). Additionally, 

associations between symptoms and lesions appear to vary depending on the disease stage, 

with weaker correlations in patients with short disease durations (Uher et al., 2018). Although 

no significant longitudinal differences in atrophy rates have been detected between RRMS and 

PMS patients (Kalkers et al., 2002; Stefano et al., 2010; Tsagkas et al., 2020), recent research 

has revealed an association between brain atrophy, particularly gray matter loss in frontal and 

parietal areas, and PIRA in RRMS patients (Cagol et al., 2022). 

Despite these advances in overcoming the ‘clinico-radiological paradox’, several 

confounding factors can influence the longitudinal assessment of brain volume and lesion load. 

These include individual-level variables, such as age, sex, brain size, hydration state, physical 

activity, alcohol consumption, cigarette smoking, substance abuse, and somatic comorbidities, 

as well as technical factors like variations in the quality of the MRI scanner and analysis 

software (Sastre-Garriga et al., 2020).  

Thus, the clinical utility of specialized MRI measures at the individual level is limited. 

However, the ‘clinico-radiological paradox’ may not only be explained by more advanced 

imaging and analysis techniques, but also by other factors, such as compensatory 

neuroplasticity, which will be described in detail in the next chapter. 

1.4. Neuroplasticity and cortical plasticity 

Neuroplasticity is a dynamic process of the CNS to adapt to alterations in the internal 

or external environment (Buonomano & Merzenich, 1998; Sharma et al, 2013). It is, thus, a 

core feature of neuronal function underlying learning (Dimyan & Cohen, 2011; Scholz et al., 

2009), and memory (Martin et al., 2000). It is, however, not only important in the healthy but 

also in the lesioned brain, as numerous studies have demonstrated adaptation of the CNS 

after brain injury in primates (Dijkhuizen et al., 2001; Dijkhuizen et al., 2003; Nudo & Milliken, 

1996; Wei et al., 2001) and humans (Calautti et al., 2001; Centonze et al., 2007; Cicinelli et 

al., 1997; Takeda et al., 2007; Traversa et al., 1997; Turton et al., 1996). In fact, recovery 

following brain injury primarily relies on the restoration of functional and structural connectivity 

(Stampanoni Bassi et al., 2017). 
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Functional plasticity refers to the reorganization or restoration of activity of existing 

neural circuits in response to input patterns (Magee & Grienberger, 2020). It involves changes 

in neuronal membrane excitability (Clarkson et al., 2010) or the strength of (single) synapses 

(Hebb, 1949), as well as recruitment of inactive synapses (Jacobs & Donoghue, 1991).   

Structural plasticity involves physical changes, e.g. axonal sprouting (Carmichael et al., 

2017), changes in sodium channel density (Cantrell & Catterall, 2001), dendritic and axonal 

anatomy (Jamann et al., 2018; Kasai et al., 2010), remyelination (Patrikios et al., 2006), 

synaptogenesis (Andersen & Soleng, 1998) and neurogenesis (Eriksson et al., 1998).  

While functional changes can occur rapidly within minutes, structural alterations take 

months to years (Zeller & Classen, 2014). Importantly, rapid functional and late-onset structural 

changes do not occur independently of each other. It has been suggested that rapid-onset 

electrophysiological events can finally induce biochemical and morphological events, which 

evolve more slowly but are more persistent (Classen et al., 1998; Ugawa, 2012). Thus, both 

types of plasticity collectively guarantee the adaptability of the CNS. 

Neuroplasticity has been incorporated into different models of MS disease progression 

(Krieger et al., 2016; Schoonheim et al., 2022; Schoonheim et al., 2010). Taken together, these 

models suggest that neuroplasticity serves as a protective factor against clinical disability 

arising from structural damage. According to these models, disability accumulation occurs 

when structural damage exceeds the compensatory capacity of neuroplasticity, which is limited 

and varies among individuals. As neuroplasticity can (temporarily) ‘silence’ the clinical 

consequences of lesions, it may help to understand the ‘clinico-radiological paradox’ in MS, 

which is crucial for optimizing patient management and treatment decisions. 

Figure 2 illustrates the key aspects of neuroplasticity in the context of the 

pathophysiological mechanisms in patients with MS. 
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Figure 2. Neuroplasticity in relation to the pathophysiological mechanisms of MS. 

 

Note. Neuroplasticity can be compared to a backup reservoir capable of preventing the effects 
of inflammation and axonal loss from surpassing a theoretical clinical threshold. Once this 
threshold is breached, symptoms manifest. Neuroplasticity wanes as inflammation and axonal 
loss intensify, and if it’s depleted, further brain tissue loss and inflammation directly translate 
into clinical disability. Patients with RRMS experience periods of clinical stability, whereas 
those with SPMS experience a progressive increase in disability over time. Adapted from 
Krieger et al. (2016), Schoonheim et al. (2010), and Compston and Coles (2002). 
 
 

Whereas neuroplasticity broadly refers to the brain’s overall capacity to change and 

adapt, cortical plasticity specifically refers to adaptive changes in the cerebral cortex, i.e., the 

outermost layer of the cerebrum. It is, thus, a subset of neuroplasticity, and has been the target 

of most studies of neuroplasticity in humans due to its exposed and thus accessible location 

(Groppa et al., 2012; Jannati et al., 2023) (more details on the assessment of cortical plasticity 

are provided in chapter 1.5.2. Evaluating synaptic plasticity using rTMS). One of the early-

phase events of neuroplasticity is synaptic plasticity (Matsumoto & Ugawa, 2020), which will 

be explained in more detail in the following section. 

1.5. Synaptic plasticity 

Synaptic plasticity refers to activity-dependent alterations in the strength of synaptic 

connections (Magee & Grienberger, 2020), i.e. the effectiveness of the influence of the 

presynaptic on the postsynaptic neuron (Murthy, 1998). Although more complex mechanisms 

seem to be involved as well (Magee & Grienberger, 2020), the basic principles of activity-

dependent synaptic changes have been described in Hebb’s learning rules. According to Hebb 

(1949), the synaptic connection between two neurons is strengthened if one neuron 

consistently contributes to the activity of the other. By linking input and output patterns, the 
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output pattern may even be evoked if only fragments of the input pattern are present (Magee 

& Grienberger, 2020). First described in the hippocampus of rabbits (Bliss & Gardner-Medwin, 

1973; Bliss & Lomo, 1973), an increase in the synaptic strength after repetitive high-frequency 

stimulation became known as LTP. Its counterpart, LTD, was revealed by Dudek and Bear 

(1992) by testing the theoretical prediction of the Bienenstock-Cooper-Munro rule (BCM) 

(Bienenstock et al., 1982). According to the BCM, each neuron possesses a critical synaptic 

modification threshold, determining whether LTP or LTD is induced. If excitatory synaptic 

inputs consistently yield postsynaptic responses greater than the modification threshold, these 

inputs are potentiated. If they consistently yield postsynaptic responses below the threshold, 

thus failing to activate the postsynaptic neuron, they are depressed (Bienenstock et al., 1982). 

Indeed, Dudek and Bear (1992) showed that low-frequency presynaptic stimulation depressed 

postsynaptic activity. 

1.5.1. Metaplasticity 

As described above, the modification threshold determines whether activation of an 

excitatory input leads to LTP or LTD. Importantly, the threshold is dynamically adjusted based 

on the average postsynaptic activity. The higher the prolonged preceding activity, the higher 

the threshold, preventing further LTP but facilitating LTD. In turn, low levels of postsynaptic 

activity decrease the threshold, thus increasing the chances for LTP and preventing further 

LTD (Bienenstock et al., 1982). These changes in the ability to undergo subsequent LTP and 

LTD have been termed metaplasticity and may protect against excitotoxicity (Abraham & Bear, 

1996). The fundamental components of metaplasticity are postulated to encompass changes 

in synaptic strength and neurotransmitter release (Turrigiano & Nelson, 2004), 

neuromodulatory systems (Meunier et al., 2017), signaling pathways (Kelleher et al., 2004) 

and the activity of microglia and immune molecules (Wu et al., 2015). However, our 

understanding of the precise mechanisms governing metaplasticity remains limited (Cantone 

et al., 2021), with a detailed exploration falling beyond the scope of this thesis. 

1.5.2. Evaluating synaptic plasticity using rTMS  

LTP and LTD can not only be induced endogenously through repeated experiences 

and exercises, but also through external stimulation. RTMS is one of the most utilized non-

invasive brain stimulation techniques to modulate cortical excitability by inducing effects similar 

to LTP and LTD (Antal et al., 2022). It is based on transcranial magnetic stimulation (TMS), 

which was introduced by Barker et al. (1985) as a pain-free alternative to transcranial electrical 

stimulation of the human motor cortex. While transcranial electrical stimulation directly induces 

an electrical current to the scalp using electrodes, TMS is based on electromagnetic induction 

(Barker et al., 1985).  
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A transducing coil is placed tangentially to the scalp and attached to a high-voltage 

(400 V–3 kV), high-current (4 kA–20 kA) discharge system (Jalinous, 1991). A discharge of 

the system induces an electric current within the coil, which induces a strong but short-lasting 

magnetic field on the scalp (1-2.5 tesla for ≤1 ms). The magnetic field penetrates the skull and 

dura and generates an electrical field within the cortex (Groppa et al., 2012; Neva et al., 2020). 

The resultant current flow can activate neurons by causing action potentials (Siebner et al., 

2022). However, the direct neural response to the induced electric field is complex, involving 

a cascade of high-frequency synaptic activity, depending on numerous factors, e.g. the 

orientation of the axon relative to the electric field, the magnitude of the electric field, the 

stimulation intensity, and the pulse waveform (mono- or biphasic) (Siebner et al., 2022). For 

both waveforms, the induced current flow in one direction (positive or negative) is always 

counterbalanced by an equal flow of current in the opposite direction (Groppa et al., 2012). In 

monophasic TMS, the natural oscillation of the current flow between capacitor and coil is 

dampened (Wendt et al., 2023). Only the initial phase of the pulse induces a strong current 

flow to stimulate neurons, whereas the dampened return current is insufficient for neuronal 

activation. In contrast, biphasic TMS allows energy to oscillate between the capacitor and coil 

without attenuation, resulting in a polarity switch of the induced current. Both the initial and the 

reversed current are strong enough to stimulate neurons, but the second is stronger, longer 

and stimulates different neural elements than the initial one (Groppa et al., 2012). Thus, 

monophasic TMS presumably stimulates neurons more selectively than biphasic TMS, which 

induces a more complex pattern of activation (Di Lazzaro et al., 2001). 

The intensity of the induced current diminishes proportionally with the square root of 

the distance from the coil to a depth of up to 1/coil diameter. Thus, cortical regions directly 

below the coil as well as more distant neurons are affected through transsynaptic interactions 

(Antal et al., 2022). Consequently, TMS does not exclusively excites one specific but multiple 

neuronal structures. However, the spatial relationship with the induced electric field, and 

therefore susceptibility to stimulation, is different for each structure (Siebner et al., 2022). 

Depth, precision and focality of the simulation are closely tied to the shape of the 

inducing coil. Figure-of-eight coils excel in providing focal stimulation, while circular coils are 

better suited for broader and deeper stimulation (Groppa et al., 2012). Nonetheless, the depth 

penetration of TMS is limited due to the attenuation of the induced electromagnetic field, and 

neurons within deep cortical structures (e.g. the thalamus) cannot be excited using TMS. In 

contrast, TMS is well suited to stimulate cortical areas located close to the induced 

electromagnetic field at the hemispherical surface, such as the primary motor cortex (M1) 

(Groppa et al., 2012). When TMS is applied to M1 with intensities sufficient to evoke action 

potentials, transsynaptic activation spreads along the corticospinal tract, triggering a response 

in the target muscle (Groppa et al., 2012; Neva et al., 2020). Using surface electromyography 
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(EMG), the induced muscle response can be recorded, which is called motor evoked potential 

(MEP). Typically, the TMS-evoked amplitude of the MEP is used to operationalize corticospinal 

excitability (Klomjai et al., 2015). The MEP also represents a positive control of successful 

stimulation and allows individual adjustment of the stimulation site and intensity, which is an 

advantage compared to stimulation of other brain areas (Cooke & Bliss, 2006). The 

mechanisms of TMS of the M1 and the typical MEP waveform are displayed in Figure 3. 

 
 
Figure 3. Mechanisms of TMS of the M1 and MEP characteristics. 

 
 
Note. Tangential application of the TMS coil over M1 induces a magnetic field that passes 
through the skull and dura and causes an electric field within the cortex in the opposite 
direction. This activates cortical interneurons, which synapse on pyramidal neurons, in turn 
synapsing on spinal motor neurons. A peripheral nerve transmits the signal to the target 
muscle in the contralateral side. Muscle activation in the target muscle can be recorded via 
EMG. The amplified EMG signal is displayed on a computer screen for quantification of MEP 
amplitude and CML. Directly following MEP induction, voluntary EMG activity is suppressed, 
which is referred to as ‘cortical silent period’ (CSP). Adapted from Neva et al. (2020), Klomjai 
et al. (2015), Groppa et al. (2012), and Numssen et al. (2021). 
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While TMS is typically used to assess corticospinal excitability (Groppa et al., 2012), 

rTMS can be used to modulate it (Neva et al., 2020), emulating LTP and LTD-like mechanisms 

through repetitive single-pulse application on the same brain region (Antal et al., 2022). In M1, 

experience-dependent neuroplasticity is typically assessed by measuring the change in the 

peak-to-peak MEP amplitude after applying a plasticity-inducing protocol (Jannati et al., 2023). 

Various rTMS protocols can lead to persistent changes in cortical excitability, 

depending on factors such as intensity, frequency, and number of stimuli applied, with 

frequency playing a crucial role. High-frequency rTMS protocols (≥5 Hz) have been shown to 

produce LTP-like plasticity, whereas low-frequency rTMS protocols (<5 Hz) induce plasticity 

similar to LTD (Ziemann et al., 2008). In line with the greater selectivity of monophasic over 

biphasic TMS (Di Lazzaro et al., 2001), research indicates that the modulation of cortical 

excitability is stronger using monophasic compared to biphasic rTMS (Arai et al., 2007; 

Nakamura et al., 2016; Sommer et al., 2002; Taylor & Loo, 2007). Biphasic pulses may activate 

a wide range of interneurons, potentially resulting in a balancing of inhibitory and facilitatory 

effects among them. Monophasic pulses on the other hand may allow for a more effective 

summation of synaptic efficacy (Nakamura et al., 2016). Consistent with the BCM, both 

suppression of LTP and enhancement of LTD after priming with high-frequency stimulation, 

suggestive of metaplasticity, have been observed using different rTMS protocols (Hamada et 

al., 2008; Iyer et al., 2003; Ragert et al., 2009).  

In the following, one of the newest rTMS protocols will be described in more detail. 

1.5.2.1. Quadripulse stimulation (QPS)  

In QPS, four monophasic TMS pulses of the same intensity are applied as one burst 

from a single coil. One of these bursts is given every 5 sec for 30 min, resulting in a total of 

360 bursts and 1,440 pulses (Hamada et al., 2007). High-frequency stimulation induces LTP-

like effects, whereas low-frequency stimulation induces LTD-like effects, with preferred inter-

stimulus intervals of 5ms (QPS-5) and 50ms, respectively (Matsumoto & Ugawa, 2020). 

Stimulation intensity is set at 90% of the active motor threshold, i.e., the minimum stimulation 

intensity required to induce a motor response in a contracted muscle (Hamada et al., 2007).   

As described above, monophasic TMS is more powerful than biphasic TMS, as it 

activates more homogenous groups of neurons (Di Lazzaro et al., 2001) and its activated 

pathway of intervention matches the pathway of measurement (Huang et al., 2017). In line with 

this, monophasic QPS induces longer after-effects compared to biphasic QPS (Nakamura et 

al., 2016) and other rTMS protocols (Hamada et al., 2007). The lower intra- and inter-individual 

variability of its effects may represent an advantage of QPS over other rTMS protocols 

(Nakamura et al., 2016; Simeoni et al., 2016; Tiksnadi et al., 2020). However, the responder 
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rate was only slightly higher compared to other protocols in one of these studies (Simeoni et 

al., 2016), calling for further investigation of the magnitude and consistency of this effect.  

Importantly, QPS selectively modulates excitatory circuits (Hamada et al., 2008), which 

presumably play an important role in the pathophysiology of MS due to their neurotoxic effect 

(Kuzmina et al., 2020). In contrast, other excitatory TMS protocols also modulate inhibitory 

networks (Groiss et al., 2012; Hamada et al., 2008). 

1.6. Synaptic plasticity in patients with MS  

As outlined in the previous sections, neuroplasticity may be an important factor 

influencing MS disease progression, potentially explaining the ‘clinico-radiological paradox’ 

and differences between disease types. Synaptic plasticity is one of the earliest events in a 

cascade of functional and structural reorganization processes and is non-invasively 

assessable using rTMS. RTMS-induced plasticity may, therefore, be a promising biomarker of 

disease progression in patients with MS.  

Despite promising results concerning the prognostic value of LTP-like plasticity in 

predicting dementia (Di Lorenzo et al., 2020), it has not yet been investigated in the context of 

MS disease progression. Only one study comparing LTP-like plasticity in patients with RRMS 

and PPMS indicated that lower levels of LTP-like plasticity may be associated with disease 

progression (Mori et al., 2013). Furthermore, few studies have compared the level of LTP- or 

LTD-like plasticity between patients with MS and HCs prior to this thesis. The results are 

summarized in Table 1. 

 
 
Table 1. Summary of rTMS studies comparing synaptic plasticity between patients with MS 
and HCs. 

Disease type LTP-like LTD-like 

 Altered Normal Altered Normal 

RRMS (stable) Conte et al. (2016), 
Zeller et al. (2010), 
Mori et al. (2013) 

Mori et al. (2013)a Zeller et al. (2012) 

RRMS (relapsing)   Wirsching et al. (2018)  

RRMS (mixed)   
Mori, Nisticò, et al. 
(2014) 

 

PPMS Mori et al. (2013)  Mori et al. (2013)  

Note. a Interpretation of altered plasticity is open to debate. The protocol has been described 
to induce either LTP or LTD-like effects in HCs. In this study, it induced LTP-like effects in 
RRMS patients but LTD-like effects in HCs. 
 

 

In addition to the studies summarized in Table 1, a study exploring effects of treatments 

or cerebrospinal fluid markers on the degree of synaptic plasticity in patients with MS indicated 
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that the degree of plasticity is a relevant factor in MS (Mori et al., 2012). However, based on 

this study, potential differences between HCs and patients with MS, variations among patients 

with different disease types, and its prognostic significance remain unknown. 

In the context of MS relapses, sustained LTP-like plasticity has been linked to clinical 

recovery. Patients with higher LTP-like plasticity during relapse showed better clinical recovery 

three months later compared to patients with lower plasticity levels (Mori, Kusayanagi, et al., 

2014). Additionally, patients with gadolinium-enhancing lesions in brain imaging, suggestive of 

active inflammation, presented lower levels of LTP-like plasticity than patients without 

gadolinium-enhancing lesions (Mori et al., 2012). Conversely, no association between synaptic 

plasticity during relapse and clinical recovery was found when investigating LTD-like plasticity 

(Wirsching et al., 2018). Using this inhibitory protocol, LTP-like effects were observed during 

relapse but not during recovery three months later. This reversal in the induced plasticity 

direction may signify compensatory metaplastic effects during relapse (Wirsching et al., 2018). 

However, this remains speculative, as the LTD-inducing protocol did not induce any LTD-like 

effects in HCs and highly variable effects of this protocol have been described previously 

(López-Alonso et al., 2014; Strube et al., 2015).  

Prior to this thesis, two studies suggested an association between cognitive impairment 

and lower levels of LTP-like plasticity (Mori et al., 2012; Mori et al., 2011). However, sample 

size (N=21) was rather low in one of these studies (Mori et al., 2011). In the other study, both 

LTP-like plasticity and cognitive performance improved after pharmacological treatment, but 

their association was not directly investigated (Mori et al., 2012). 

Collectively, these studies propose that rTMS-induced plasticity holds promise as a tool 

to elucidate the ‘clinico-radiological paradox’ and may serve as a biomarker of disease 

progression. However, they are constrained by the high variability and substantial non-

responder rates associated with the implemented rTMS protocols (Guerra et al., 2017), which 

may also account for the conflicting results among studies. 

1.7. Aim of this thesis 

As outlined in the preceding chapter, research on rTMS-induced plasticity in patients 

with MS is scarce and revealed inconclusive results. Therefore, the aim of this thesis was to 

evaluate synaptic plasticity using QPS, potentially inducing plasticity more effectively with 

reduced variability compared to previous protocols (Nakamura et al., 2016; Simeoni et al., 

2016; Tiksnadi et al., 2020). Due to its selective modulation of the excitatory glutamatergic 

network and given the presumed significance of this network in MS pathophysiology (Hamada 

et al., 2008; Kuzmina et al., 2020), QPS may be better suited to measure synaptic plasticity in 

MS than other rTMS protocols. 
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Prior research predominantly focused on individuals with RRMS, with minimal 

investigation into patients with PMS, apart from a single study which examined only 12 patients 

with PPMS (Mori et al., 2013). Although some studies evaluated the prognostic value of rTMS 

during acute relapse for clinical recovery (Mori et al., 2012; Mori, Kusayanagi, et al., 2014; 

Wirsching et al., 2018), the prognostic value of synaptic plasticity regarding disease 

progression has not yet been investigated longitudinally. 

In the four studies composing this thesis, neuropsychological and electrophysiological 

experiments were conducted to explore the link between QPS-induced plasticity and motor 

and cognitive functions, both cross-sectionally and longitudinally. The primary aim was to 

investigate QPS-induced plasticity as a potential biomarker for predicting disease progression. 

The following chapters outline the objectives, hypotheses, and key findings of each study. 

2. Studies included in this thesis 

This thesis is based on the following studies:  

Study 1: Balloff, C.,1 Penner, I.-K.,1 Ma, M., Georgiades, I., Scala, L., Troullinakis, N., 

Graf, J., Kremer, D., Aktas, O., Hartung, H.-P., Meuth, S. G., Schnitzler, A., Groiss, S.J.,2 & 

Albrecht, P.2 (2022). The degree of cortical plasticity correlates with cognitive performance in 

patients with Multiple Sclerosis. Brain Stimulation, 15(2), 403–413. 

https://doi.org/10.1016/j.brs.2022.02.007 

Study 2: Balloff, C., Novello, S., Stucke, A.-S., Janssen, L.K., Heinen, E., Hartmann, 

C.J., Meuth, S.G., Schnitzler, A., Penner, I.-K.2, Albrecht, P.2, & Groiss, S.J.2 (2023). Long-

term potentiation-like plasticity is retained during relapse in patients with Multiple Sclerosis. 

Clinical Neurophysiology: Official Journal of the International Federation of Clinical 

Neurophysiology, 155, 76–85. https://doi.org/10.1016/j.clinph.2023.07.013 

Study 3: Balloff, C.,1 Albrecht, P.,1 Stucke, A.-S., Scala, L., Novello, S., Hartmann, C. 

J., Meuth, S. G., Schnitzler, A., Penner, I.-K.,2 & Groiss, S.J.2 (2023). The importance of 

pyramidal tract integrity for cortical plasticity and related functionality in patients with multiple 

sclerosis. Frontiers in Neurology, 14, Article 1266225. 

https://doi.org/10.3389/fneur.2023.1266225 

Study 4: Balloff, C., Janssen, L.K., S., Hartmann, C. J., Meuth, S.G., Schnitzler, A., 

Penner, I.-K.,2 & Albrecht, P.2 (2024). Predictive value of synaptic plasticity for functional 

decline in patients with multiple sclerosis [Manuscript submitted for publication].  

 
1 Shared first authorship.  
2 Shared last authorship. 
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The experimental design, methods, as well as the results of each study are detailed in 

the attached articles (appendix B). Consequently, the following sections will offer only concise 

summaries. All studies focused on synaptic plasticity measured at M1, which was 

operationalized as MEP amplitude change at the relaxed first dorsal interosseous muscle of 

the right hand following QPS-5 using a figure-of-eight coil.  

2.1. Study 1 – Synaptic plasticity in RRMS and its association with cognitive 

performance 

The objectives of the first study were 1) to explore the correlations between QPS-

induced plasticity and performance in two frequently affected cognitive domains, namely IPS 

and visuospatial short-term learning and memory (Chiaravalloti et al., 2013; Deluca et al., 

2004; Chiaravalloti & DeLuca, 2008) in patients with RRMS and HCs, and 2) to compare the 

degree of plasticity between both groups. The hypotheses were: a) positive correlations 

between the degree of QPS-induced plasticity and cognitive performance, and b) reduced 

plasticity in RRMS patients compared to HCs. 

 In line with hypothesis a), better performances on the Symbol Digit Modalities Test 

(SDMT; Smith (1982)), measuring IPS, and the Brief Visuospatial Memory Test-Revised 

(BVMT-R; Benedict (1997)) measuring visuospatial short-term learning and memory, were 

associated with higher levels of plasticity in 63 patients with RRMS. Both associations retained 

significance after controlling for potential confounding factors, such as the MEP latency, 

presumably representing, at least partially, the integrity of the corticospinal tract. Further, 

plasticity was significantly reduced in patients with cognitive impairment compared to those 

with preserved cognitive function, and the extent of plasticity served as a distinguishing factor 

between these two patient groups. Exploratory analysis revealed negative correlations of QPS-

induced plasticity with MEP latency, age, and the Expanded Disability Status Scale (EDSS; 

Kurtzke (1983)). 

The overall RRMS patient cohort did not exhibit diminished plasticity when compared 

to HCs (n=55), refuting hypothesis b). No association between any functional outcome and the 

degree of QPS-induced plasticity was observed in HCs (Balloff et al., 2022).  

2.2. Study 2 – Synaptic plasticity during acute relapses  

The objectives of the second study were 1) to examine QPS-induced plasticity in 

patients with MS during acute relapses compared to stable MS patients and HCs, and 2) to 

assess its functional significance. For the first objective, no specific hypothesis was posited 

regarding the direction of a potential group difference due to ambiguous previous research 

findings. For the second objective, it was anticipated that individuals with complete recovery 

would exhibit higher levels of QPS-induced plasticity compared to those with partial recovery, 
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and conversely, individuals with no recovery would present lower levels of plasticity compared 

to those with partial recovery.  

Synaptic plasticity was induced by QPS-5 in all groups, and its degree did not differ 

significantly between acute relapsing MS patients, stable MS patients, and HCs (n=18 per 

group). Most patients showed at least partial symptom recovery three months after relapse, 

while only three patients experienced complete recovery and another three patients showed 

no recovery at all. Therefore, the functional relevance of baseline synaptic plasticity for 

recovery (objective 2) could not be analyzed. Exploratory analysis revealed that relapsing 

patients with motor disability exhibited significantly higher plasticity than those without motor 

disability (Balloff, Novello, et al., 2023). 

2.3. Study 3 – Synaptic plasticity in PMS and its association with motor performance 

The objectives of the third study were 1) to compare QPS-induced plasticity levels 

among different MS subtypes and HCs, and 2) to explore the association between plasticity 

levels and motor and cognitive functions. Considering results from study 1, the hypotheses 

were: a) reduced plasticity in patients with PMS but not RRMS compared to HCs, and b) 

positive correlations between the degree of QPS-induced plasticity and cognitive and motor 

performance in patients with MS, irrespective of the disease type. 

Contradicting hypothesis a), no significant differences were found in QPS-induced 

cortical plasticity between 34 patients with PMS, 30 matched HCs, and 30 matched patients 

with RRMS. Regarding hypothesis b), no correlations with functional outcomes were revealed 

for patients with PMS. Exploratory analyses revealed that correlations between induced 

plasticity and both motor and cognitive functions were observed only in patients with intact 

corticospinal tract integrity and that QPS-induced plasticity was significantly reduced in 

patients with damaged corticospinal tract integrity compared to those with intact tracts (Balloff, 

Albrecht, et al., 2023).

2.4. Study 4 – Prognostic value of synaptic plasticity for disease progression 

The fourth study was conducted to elucidate the functional relevance of synaptic 

plasticity over time. Synaptic plasticity was assessed in a cohort of 80 patients with MS (56 

RRMS, 24 PMS), and 69 matched HCs. Annual clinical follow-ups spanning up to five years, 

with a median follow-up period of two years, were conducted. 

The hypotheses were as follows: a) patients with lower baseline plasticity levels 

experience greater disease progression, defined as functional decline in motor and/or 

cognitive function and/or progression in EDSS, compared to those with higher baseline 

plasticity levels. Initially, the second objective of the study was to analyze QPS-induced 

plasticity changes over time with the hypothesis that b) QPS-induced plasticity diminishes 
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more rapidly in patients with MS than HCs. However, analyses of hypothesis b) were precluded 

due to cancellation of annual QPS-5 assessments because of technical defects and the 

coronavirus disease 2019 (COVID-19) pandemic. 

In line with hypothesis a), patients experiencing functional decline in manual dexterity 

and/or visuospatial learning and memory presented with significantly lower levels of baseline 

plasticity compared to those without clinically relevant decline in these functions. This 

association became apparent only when employing linear-mixed-effects models (LMEM) for 

manual dexterity. For visuospatial learning and memory, receiver-operating characteristic 

(ROC) analysis underscored the predictive utility of baseline plasticity to differentiate between 

patients with and without clinically relevant decline at latest follow-up. Cox proportional-

hazards models, wherein patients were stratified into low and high baseline plasticity groups 

through a median split, as well as logistic regression analysis, failed to reveal significant 

differences between these groups. No significant associations between baseline plasticity and 

decline in IPS, EDSS, or lower extremity function were found, contradicting hypothesis a).  

On average, the patient cohort exhibited no clinically relevant change in any functional 

outcome over time. Moreover, a comparable number of patients experienced both clinically 

significant improvement and decline over the observed period, and performance in both the 

patient group and HCs varied significantly across time points (Balloff et al., 2024). 

3. Discussion 

The aim of this thesis was to investigate synaptic plasticity using a newer protocol of 

rTMS-induced plasticity, namely QPS, with presumably lower inter- and intra-individual 

variability than previously used protocols (Nakamura et al., 2016; Simeoni et al., 2016; Tiksnadi 

et al., 2020). In the following, the main findings of the four studies included in this thesis will 

be summarized and put in perspective with the literature. Emphasis will be placed on 

scrutinizing strengths and limitations with particular attention directed towards the variability of 

rTMS effects, plasticity mechanisms beyond LTP-like phenomena at M1, additional factors 

impacting disease progression beyond neuroplasticity, unforeseen circumstances 

encountered throughout the study, and recommendations for future research endeavors. 

 

3.1. Summary and interpretation of the results 

The first study demonstrated that higher levels of QPS-induced plasticity are 

associated with better cognitive function in patients with RRMS. This aligns with previous 

research reporting differences in LTP induced by theta burst stimulation (TBS) between 

cognitively preserved and cognitively impaired MS patients, alongside concurrent 

improvement in intermittent TBS and cognitive performance (Mori et al., 2012; Mori et al., 

2011).  
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Additionally, no differences were observed in the global level of QPS-induced plasticity 

compared to HCs (Balloff et al., 2022). This finding is consistent with prior studies indicating 

preserved TMS-induced plasticity using other rTMS protocols (Mori et al., 2013; Zeller et al., 

2010), but contradicts another study reporting reduced plasticity in patients with MS (Conte et 

al., 2016). During this thesis, two additional studies utilizing intermittent TBS have emerged, 

reporting altered LTP-like plasticity in stable RRMS patients (Baione et al., 2020; Stampanoni 

Bassi et al., 2023). 

Studies using different rTMS protocols are hardly comparable. Yet, our finding of 

reduced LTP-like plasticity in patients with cognitive impairment suggests that reduced 

plasticity in other studies could be attributed to cognitive impairment within these cohorts. 

Indeed, the cohort studied by Conte et al. (2016) performed worse on the SDMT than our 

cohort, which could account for the divergent results. Unfortunately, no cognitive data were 

presented in the other two studies reporting altered LTP-like plasticity (Baione et al., 2020; 

Stampanoni Bassi et al., 2023). Therefore, it remains speculative whether cognitive 

impairment might explain the different results regarding LTP-like plasticity in stable RRMS. 

Although the first study presented initial evidence that QPS-induced plasticity may be 

of functional relevance, the results were limited to RRMS patients in the remitting phase of the 

disease and cognitive decline, which is only one of several possible symptoms associated with 

MS. However, exploratory analysis revealed a negative correlation of QPS-induced plasticity 

with the EDSS, suggesting that high levels of QPS-induced plasticity are not only associated 

with better cognitive performance but also lower levels of disability. This indicates that QPS-

induced plasticity may be relevant for the clinical status beyond cognition (Balloff et al., 2022).  

The second study was conducted to examine QPS-induced plasticity in MS patients 

during acute relapses compared to stable MS patients and HCs. Additionally, it sought to 

evaluate its functional relevance for clinical recovery. It was revealed that QPS-induced 

synaptic plasticity persists during acute MS relapses, and subgroup analyses suggested that 

stabilizing metaplastic mechanisms may be crucial in preventing motor disability. However, the 

sample size was rather small requiring further verification of these findings in larger studies. 

Furthermore, one of the research questions, namely the functional relevance of plasticity for 

clinical recovery, could not be addressed due to insufficient numbers of patients experiencing 

null or complete recovery three months after relapse (Balloff, Novello, et al., 2023).  

Given that only 33% of relapsing patients presented cognitive impairment in the second 

study, the first study’s observation of preserved plasticity in stable RRMS patients without 

cognitive impairment may be extended to relapsing RRMS patients without cognitive 

impairment. However, it has been discussed that increased levels of pro-inflammatory 

mediators may influence synaptic plasticity (Stampanoni Bassi et al., 2022), potentially 

promoting hyperexcitability during relapses (Mandolesi et al., 2012; Rossi et al., 2011). Indeed, 
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hyperexcitability during relapse may have occurred in study 2, given that most relapsing 

patients had undergone glucocorticoid treatment prior or during study participation and 

glucocorticoids have been described to suppress LTP (Brandner et al., 2022; Dinse et al., 

2017; Park et al., 2015). 

A potentially significant role of the concept of metaplasticity during MS relapses is 

supported by previous research. Unfortunately, detailed information on the functional system 

scores of relapsing patients presenting with reversed effects of an LTD protocol in a previous 

study were not disclosed (Wirsching et al., 2018). However, considering the reported EDSS 

median of 2.0 and predominant relapse symptoms (only n=1 with motor symptoms), this cohort 

appears comparable to the subgroup of patients without motor disability in study 2. In 

summary, both studies suggest that stabilizing metaplastic mechanisms may be crucial to 

prevent clinical (motor) disability during relapse, with synaptic plasticity itself potentially playing 

a secondary role. However, in another study using a paired associative simulation protocol 

with an interstimulus interval of 25ms (PAS 25), rTMS-induced plasticity was revealed as an 

independent predictor of recovery three months after relapse (Mori, Kusayanagi, et al., 2014). 

Therefore, more research is needed to understand the relevance of synaptic plasticity and 

metaplasticity for clinical recovery after MS relapses. 

The third study was conducted to compare QPS-induced plasticity levels among 

different MS subtypes and HCs, and to explore the association between plasticity levels and 

motor and cognitive functions. The results suggest that MEP latency, representing the integrity 

of the corticospinal tract (Neva et al., 2016), should be considered when examining cortical 

plasticity in patients with MS, while the MS disease course may be secondary. Although study 

1 had revealed a negative association of QPS-induced plasticity with MEP latency, the 

association between QPS-induced plasticity and cognitive performance remained significant 

after controlling for MEP latency. Therefore, based on the first study, the importance of the 

corticospinal tract integrity revealed in study 3, was not expected (Balloff et al., 2022).  

The fact that patients of all disease types presented with preserved plasticity compared 

to HCs contrasts with the assumption that the progressive phase of the disease is marked by 

an insufficient compensatory reserve to counteract the adverse effects of inflammation and 

neurodegeneration (Antel et al., 2012). It also seems to contradict the results of a previous 

study reporting lower levels of LTP-like plasticity in patients with PPMS compared to RRMS 

(Mori et al., 2013). However, in this study, patients with PPMS exhibited significantly higher 

MEP latency, indicating involvement of the corticospinal tract in this subgroup. Given the 

significance of the corticospinal tract suggested in study 3, it is plausible that low levels of LTP-

like plasticity in patients with PPMS in the previous study might have been driven by 

corticospinal tract involvement rather than the specific type of MS. Additionally, intermittent 

and continuous TBS have been described to yield more variable effects in comparison to QPS 
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(Guerra et al., 2017; Nakamura et al., 2016; Tiksnadi et al., 2020) and the previous study was 

conducted on only n=12 patients with PPMS. Considering both the limited sample size and 

high variability of the implemented protocol, the significant main effect may not represent a 

systematic difference in the degree of plasticity between disease types but rather an 

unsystematic effect of measurement variability. 

Another study investigating LTP-like plasticity in patients with PMS using a PAS 25 

protocol has been published during this thesis, reporting reduced LTP-like plasticity compared 

to HCs (Stampanoni Bassi et al., 2023). The sample size (n=18) was smaller than in our study 

(n=34) and motor impairment appeared to be more pronounced, as indicated by longer 

average completion times for the nine-hole peg test and timed 25-foot walk test compared to 

our cohort (30 sec and 20 sec vs. 25 sec and 6 sec). This may explain the divergent result 

compared to study 3.   

In summary, the first three studies indicate that QPS-induced plasticity is preserved in 

patients with MS, regardless of the disease type. Furthermore, it seems to be of functional 

relevance in patients with intact corticospinal tract. However, these studies were conducted 

cross-sectionally, precluding any inference of a causal relationship between QPS-induced 

plasticity and functional parameters. To longitudinally assess the functional relevance of QPS-

induced plasticity, the fourth study was conducted. 

The degree of baseline plasticity was associated with clinically relevant decline in 

manual dexterity as well as visuospatial learning and memory over a median follow-up time of 

two years only when analyzed using LMEM. ROC-analysis also indicated a predictive value of 

baseline plasticity for detecting subsequent functional decline in visuospatial learning and 

memory, but not for decline in any other outcome (Balloff et al., 2024). Using LMEM, the 

baseline level of synaptic plasticity was compared between patients with and without clinically 

relevant decline, accounting for individual variations in the increase of MEP amplitude following 

QPS via a random slope. None of the other statistical approaches considered inter-individual 

variations, which may explain the differing results. Cox proportional-hazards models did not 

only assess whether but also when an event, i.e. clinically relevant functional decline, occurred. 

However, due to the relatively small number and short period of follow-ups in this study, the 

variability in the timing of events was constrained. Furthermore, the limited number of patients 

experiencing clinically relevant functional decline may have introduced statistical artifacts. 

Notably, the patient cohort was, on average, clinically stable throughout the follow-up 

period. Although some patients experienced clinically relevant functional decline, a 

comparable number of patients significantly improved. This finding aligns with previous studies 

showing that both cognitive and physical disability progression occur slowly and vary greatly 

among individuals. In a study with a five-year follow-up period, cognitive decline was observed 

in 28%, with more PMS compared to RRMS patients affected (Eijlers et al., 2018). Even in a 
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study with a follow-up period of 10 years, neither relevant cognitive nor physical disability 

changes were observed on the group level, with only 24% of the patients experiencing 

cognitive decline (Pinter et al., 2021). However, depending on the study design, drop-out rate, 

and baseline characteristics, higher (49%-62%) as well as lower rates (10%) of cognitive 

decline have been described for the same follow-up period as well (Carotenuto, Costabile, et 

al., 2022; Damasceno et al., 2020; Katsari et al., 2020).  

Reserve mechanisms may only be activated specifically when pathology demands 

compensatory responses (Sumowski & Leavitt, 2013). This is supported by study 1 and study 

3, which both revealed no correlation between QPS-induced plasticity and any functional 

parameter in HCs. Consequently, the clinical relevance of neuroplasticity in study 4 might have 

been limited by minimal disease-related activity requiring compensation. However, this 

interpretation remains speculative given the lack of indicators of disease activity beyond clinical 

outcomes in study 4.  

Interestingly, another study published during this thesis supports the relevance of LTP-

like plasticity for manual dexterity. Stampanoni Bassi et al. (2023) reported significant positive 

correlations between baseline LTP-like plasticity and improvement in the nine-hole peg test 

after eight weeks of physical therapy in patients with PMS. Although the design of this study is 

hardly comparable to study 4, both studies indicate that reduced levels of LTP-like plasticity at 

M1 may correlate with poorer manual dexterity outcomes. 

In the following sections, strengths and limitations of the studies composing this thesis 

will be discussed and recommendations for future research will be provided. 

3.2. Strengths and limitations of the studies 

The primary strength of these studies resides in their methodological approach. Prior 

to this thesis, the QPS protocol had never been applied to patients with MS, yielding for an 

assessment of its usefulness in this group of patients. Utilizing this protocol to evaluate 

synaptic plasticity in MS patients may offer increased reliability compared to previously 

employed rTMS paradigms (Nakamura et al., 2016; Simeoni et al., 2016; Tiksnadi et al., 2020). 

This enhanced reliability may be attributed to the QPS protocol's specificity in selectively 

influencing excitatory networks (Hamada et al., 2008), which have been identified as pivotal in 

MS pathology (Groom et al., 2003; Kuzmina et al., 2020; Schirmer et al., 2019). Additionally, 

prior to this thesis, rTMS experiments conducted in patients with MS had not been analyzed 

using LMEM, further underscoring the novelty and rigor of this thesis.  

Furthermore, except for study 2, the sample sizes of the studies greatly exceeded those 

of previous investigations. This increase in sample size substantially enhances the robustness 

and reliability of the findings. Clinical characteristics and their effects on the measure of 

plasticity were analyzed in detail, potentially limiting confounding effects and improving 
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comparability with other studies. Lastly, patients with additional neurological or psychiatric 

diseases were excluded from the studies to further limit the influence of confounding factors.  

Despite these strengths, there are some important limitations which need to be 

considered. Due to the similar clinical and pathophysiological presentation (Lassmann, 2018), 

patients with PPMS and SPMS were summarized to one group of PMS to increase statistical 

power. However, there are also substantial differences between both disease types (Antel et 

al., 2012; Lassmann, 2018). Exploratory analysis did not reveal any differences across groups 

in study 3 but may have been underpowered due to the small sample size per subgroup (n=14 

PPMS patients, n=20 SPMS patients).  

Due to the time-consuming method of TMS-stimulation, the Brief International 

Cognitive Assessment for MS was limited to the SDMT and BVMT-R, excluding verbal learning 

and memory assessment. This two-test combination is recommended in time-restricted 

settings due to its high sensitivity to detect cognitive impairment (Baetge et al., 2020) and the 

high relevance of these cognitive functions for daily living (Campbell et al., 2017). However, 

assessment of verbal learning and memory could have added important information, as recent 

evidence suggests that cognitive disability progression primarily occurs in this domain (Katsari 

et al., 2020). Furthermore, other functional outcomes, e.g. working ability, and executive 

functioning may be important to explore in future studies as well. 

Practice effects, characterized by increases in test scores due to prior exposure to the 

same or similar neuropsychological measure (Heilbronner et al., 2010), are frequently 

observed in neuropsychological testing. To mitigate this issue, we utilized alternate forms of 

the BVMT-R in annual follow-ups. However, identical test materials represent only one facet 

contributing to practice effects. Other factors include familiarity with the testing environment, 

procedural learning, regression to the mean, and test sophistication (Bartels et al., 2010). Due 

to the absence of normative data for alternate forms, the same version of the SDMT was used 

consistently. In general, practice effects diminish with longer re-test intervals and manifest 

differently in clinical compared to non-clinical populations (Calamia et al., 2012). The effect of 

the re-test interval has recently been confirmed in patients with MS. Fuchs et al. (2022) 

reported that repeated administrations of identical SDMT forms were predictive of enhanced 

performance, particularly when the time intervals between tests was <2 years. It has, therefore, 

been suggested that maintaining an unchanged SDMT score through the fifth annual 

assessment using the same form indicates impairment (Fuchs et al., 2022). Given the recency 

and unknown clinical relevance of this finding, we decided to use established cut-offs of 

clinically meaningful change. However, for the SDMT, the threshold of ≥8 points was derived 

from a study employing a longer re-test interval and less frequent neuropsychological testing 

compared to our study (Weinstock et al., 2021). Conversely, BVMT-R thresholds stemmed 

from studies involving shorter intervals of two to four weeks (Benedict et al., 2012). 
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Furthermore, the considerable number of HCs presenting clinically relevant cognitive 

decline/improvement according to these thresholds suggests that the established thresholds 

for reliable change on neuropsychological tests may require adjustment. In summary, clinically 

relevant cognitive decline may not have been accurately detected in study 4. 

Although the EDSS represents an internationally accepted instrument, several aspects 

have been criticized, e.g. its reliability, sensitivity to change, and ordinal scale level (please 

refer to Meyer-Moock et al. (2014) for a comprehensive literature review on the validity of the 

EDSS). Consistent with this, the proportion of patients with clinically relevant decline in EDSS 

scores in study 4 was nearly equivalent to those demonstrating clinically relevant improvement 

(24% vs. 19%). This aligns with previous data reporting 21% of patients experiencing 

improvement compared to 25% worsening over a span of five years (Giovannoni et al., 2021).  

Given the considerable diversity in stimulation protocols, target muscles, and study 

populations, varying recommendations exist for the number of averaged trials required to 

ensure reliable assessments of MEPs (Bashir et al., 2017; Biabani et al., 2018; Cavaleri et al., 

2017; Goldsworthy et al., 2016). In all studies incorporated in this thesis, 12 MEPs were 

averaged to uphold a streamlined protocol, avoid participant fatigue and fluctuations of 

attention within the experiment. Nonetheless, it is essential to acknowledge that this number 

of averaged MEPs falls at the lower end of the recommended spectrum and that increasing 

the number of averaged MEPs might have enhanced the reliability of our findings.  

Lastly, the absence of imaging data prevented the analysis of how (sub)cortical lesions 

might have affected MEP latencies. Possibly, prolonged MEP latencies were not only the result 

of impaired corticospinal tracts but also of abnormalities in the motor cortex. Furthermore, the 

level of underlying disease-activity remained unknown. 

In the following, the most complex limitations will be discussed in more detail.  

3.2.1. Variability of rTMS effects 

Inter-individual variability of rTMS protocols is an important limitation of this method. 

Low expected responder rates, i.e. patients showing the expected increase/decrease of MEP 

amplitude, have been particularly described for other rTMS protocols than QPS, i.e. 

intermittent and continuous TBS, and PAS 25 (Hamada et al., 2013; Lahr et al., 2016; López-

Alonso et al., 2014). Studies comparing QPS with these protocols are rare but indicate lower 

inter- and intra-individual variability of QPS (Nakamura et al., 2016; Simeoni et al., 2016). 

Nonetheless, the effect of QPS has been described to be influenced by voluntary movement 

of the target muscle following QPS intervention (Kadowaki et al., 2016), as well as caffeine 

intake (Hanajima et al., 2019). Further factors described to impact the effects of other rTMS 

protocols, e.g. age, attention, sex, genetics, aerobic exercise, pharmacological influences, and 

time of day (Ridding & Ziemann, 2010) may influence the effects of QPS as well. Most of these 
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factors, e.g. age, sex, and pharmacological influences, were controlled for in our studies. In all 

experiments, attention was aimed to be held at a constant level to reduce variation in the 

outcome by instructing the participants to count the number of stimuli. However, this task 

requires only small levels of attention, and it was not tested throughout the experiment. Other 

researchers incorporated more complex tasks requiring attention (Wirsching et al., 2018), thus 

potentially ensuring higher levels of attention throughout the experiment. 

Fatigue is a common symptom of MS (Oliva Ramirez et al., 2021), which may have 

further contributed to fluctuating levels of attention (Hanken et al., 2015). In study 1, both 

cognitively impaired and non-impaired MS patients reported comparable levels of fatigue, yet 

their plasticity levels differed. This indicates that the relationship between QPS-induced 

plasticity and cognitive performance remained unaffected by fatigue. Additionally, the overall 

patient group exhibited similar levels of plasticity compared to HCs, although half of the 

patients experienced at least moderate fatigue. However, fatigue was operationalized using a 

fatigue questionnaire measuring trait fatigue instead of the level of fatigue during the 

experiment. Therefore, patients with low scores on the fatigue scale might have still 

experienced severe fatigue during the experiment and vice versa.  

Patients were excluded from the studies if they were using dextromethorphan or any 

illegal drugs, given their well-documented impact on synaptic plasticity measures (Ridding & 

Ziemann, 2010). There may, however, be other substances not controlled for in our 

experiments, e.g. baclofen (McDonnell et al., 2007) and nicotine (Swayne et al., 2009), 

influencing QPS-induced plasticity. Further, some factors may interact with each other (Ridding 

& Ziemann, 2010).  

Sleep may have influenced not only LTP, but also the functional outcomes in the 

studies, i.e. cognitive and motor performance (Al-Sharman et al., 2021; Braley et al., 2016). 

Since this factor was not controlled in any of the studies incorporated in this thesis, random 

noise not associated with plasticity may have been induced. 

Importantly, studies regarding the inter-individual variability of QPS are based on HCs 

only. However, factors contributing to the variability of QPS may be particularly important in 

patients with MS, as neuroinflammation and neurodegeneration may increase inter- as well as 

intra-individual variability compared to HCs (Huang et al., 2017). For instance, research has 

indicated that pro-inflammatory mediators can impact synaptic functioning and plasticity, 

potentially promoting hyperexcitability (Stampanoni Bassi et al., 2022). Furthermore, 

individuals with MS were on various disease-modifying therapies and symptomatic 

medications, potentially influencing cortical excitability. Notably, stabilizing effects of disease-

modifying therapies on cortical excitability have been reported in patients with PMS (Ayache 

et al., 2015). 
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Reports on the variability and reliability of QPS are limited to the same Japanese 

research group and one laboratory in the UK. Although the efficacy of QPS-5 was still reported 

to be higher compared to that of other rTMS protocols, the UK laboratory reported lower 

expected responder rates than the Japanese laboratories (Nakamura et al., 2016; Simeoni et 

al., 2016; Tiksnadi et al., 2020). Therefore, potentially confounding effects of ethnicity and/or 

genotype cannot be excluded and confirmation of the efficacy of QPS in other laboratories is 

needed (Matsumoto & Ugawa, 2020). While this lies beyond the scope of this thesis, the data 

gathered from HCs throughout the studies may prove valuable for such endeavors in the 

future. 

Lastly, rTMS was applied using a hand-held coil and the motor hot spot was determined 

manually. Despite the well-trained staff, minor variations in coil position during the experiment 

and/or suboptimal spatial precision in motor hot spot determination may have occurred. This 

is critical given that even minor variations in coil placement on the skull can result in changes 

to the cortical area being stimulated (Richter et al., 2013). However, the gold standard to 

improve spatial precision and constant coil position, namely neuro navigated TMS, requires 

individual MRI data (Jannati et al., 2023). Given the extensive study protocol, adding a time- 

and resource-intensive MRI assessment did not seem feasible. 

In addition to these ‘external’ factors influencing the effects of QPS-5, the activity of the 

stimulated cortex at the time of stimulation can impact the effects of the stimulus (Zrenner & 

Ziemann, 2023). Brain activity can be detected using electroencephalography (EEG) and is 

primarily characterized based on rhythm and frequency (Feyissa & Tatum, 2019). An 8-14 Hz 

alpha rhythm within the somatosensory or motor cortex is often referred to as ‘sensorimotor 

mu-(alpha) rhythm’ (Thies et al., 2018). It has been shown, that the negative vs. positive EEG-

peak of this ‘sensorimotor mu-rhythm’ is associated with high vs. low excitability of 

corticospinal neurons (Zrenner et al., 2018). In addition to the phase of the EEG oscillation, 

other characteristics of brain activity, exceeding the scope of this thesis, influence brain 

excitability (Zrenner & Ziemann, 2023). 

In the studies integrated in this thesis, a fixed stimulation pattern and intensity were 

applied irrespective of the ongoing brain activity at the stimulated site, representing an ‘open-

loop brain stimulation’ approach. Consequently, the specific state of network excitability (high 

or low) at the time of stimulation remains undisclosed for each participant, although potentially 

influencing the effects of QPS-5. In contrast, ‘closed-loop brain stimulation’ integrates neural 

activity at the stimulated cortical area through a first-order trigger and a second-order update 

function. These functions determine whether and with what parameters to stimulate, and 

evaluate the induced effects, respectively (Zrenner & Ziemann, 2023). Although this may 

significantly improve the effects of QPS-5 and other rTMS protocols in the future, ‘closed-loop 
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brain stimulation’ has not yet been incorporated into research on plasticity induction due to 

various technical challenges (Zrenner & Ziemann, 2023). 

3.2.2. Plasticity beyond LTP-like plasticity at M1  

As outlined in chapter 1.4. Neuroplasticity and cortical plasticity, neuroplasticity is a 

multifactorial process with various factors unfolding on different temporal scales. This thesis 

focused on synaptic plasticity, representing rapid-onset mechanisms of neuroplasticity 

(Matsumoto & Ugawa, 2020; Zeller & Classen, 2014), as it is most easily studied. It is believed 

that these rapid-onset mechanisms constitute the initial phases of more slowly unfolding long-

term processes of plasticity (Zeller & Classen, 2014). However, assessing only these rapid-

onset mechanisms may not be sufficient to capture all aspects of neuroplasticity, e.g. structural 

changes. Further, only LTP-like plasticity was investigated, since MS has been associated 

specifically with alterations in the glutamatergic network (Kuzmina et al., 2020). However, LTD-

like plasticity may also be relevant, as inhibitory circuits may be involved in MS as well (Nantes 

et al., 2016). In fact, rather than any of these two types of plasticity alone, their interplay may 

be critical. Consistent with this, study 2 indicated that stabilizing metaplasticity during relapses 

may be more important than LTP-like plasticity in preventing motor disability. 

Furthermore, it has recently been suggested to not only assess synaptic plasticity at 

M1, but also at association motor-related areas (Neva et al., 2020). These areas, e.g. premotor 

cortices, can take over motor functions of M1 (Frost et al., 2003) and can influence and 

contribute to M1 corticospinal outputs (Neva et al., 2020). 

It is important to keep in mind that neuroplasticity is not confined to a single location 

and can manifest differently across various locations and cortical levels. Therefore, qualitative 

and quantitative differences in synaptic plasticity may exist between cortical and subcortical 

levels (Sharma et al., 2013). Consequently, although the studies included in this thesis did not 

identify significant differences in LTP-like plasticity between patients with MS and HCs at M1, 

other processes of plasticity and/or plasticity at different levels of the neuroaxis may be altered 

in these patients.  

Synaptic plasticity was operationalized as the change in MEP amplitude in the relaxed 

first dorsal interosseous muscle of the right hand only, independent of handedness and clinical 

disability. This decision was made to limit the time of examination to a minimum, but 

hemispheric differences of QPS-induced plasticity may also occur (Chaves et al., 2021).  

Another important aspect to consider is that LTP- and LTD-induction through rTMS in 

a controlled laboratory setting signifies a ‘passive’ form of plasticity, requiring no action of the 

participant, apart from maintaining a state of relaxation. However, in vivo, plasticity is induced 

solely through activity-dependent mechanisms, i.e. (repeated) action by the individual. 

Therefore, the degree of plasticity assessed during an rTMS-experiment may be interpreted 
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as the synaptic plasticity ‘potential’. In vivo, individuals with high experimental synaptic 

plasticity potential may not effectively utilize it, possibly experiencing faster clinical decline 

compared to those with lower levels of experimental synaptic plasticity, who fully leverage their 

potential.  

In addition to neuroplasticity, other factors may have influenced disease progression in 

study 4, which will be discussed in the following. 

3.2.3. Other factors influencing disease progression 

Different types of neuroplasticity react upon changes in the CNS. However, disease 

progression in patients with MS may also be prevented by premorbid reserve, allowing 

pathological CNS changes to occur without the need of compensation. The concept of reserve 

was first introduced by Katzman et al. (1988) following a postmortem examination comparing 

the brains of individuals with clinical symptoms of dementia during their lifetime to those without 

such symptoms. Despite both groups exhibiting high levels of Alzheimer’s Disease pathology, 

the brains of clinically non-demented individuals revealed greater number of neurons and 

higher brain weight compared to those with clinical symptoms. Since the discovery of this 

initially passive concept of reserve, ongoing refinement incorporated active aspects. For 

instance, according to the concept of cognitive reserve, individuals demonstrating more 

efficient utilization of brain networks or an enhanced ability to engage alternative brain 

networks when required possess higher reserve (Stern, 2002). 

This is in line with the proposition that clinical MS symptoms evolve as a consequence 

of a ‘network collapse’ (Schoonheim et al., 2022). A more robust network prior to disease onset 

potentially delays its collapse. Consequently, connectivity across the entire brain may be at 

least as important as synaptic plasticity in patients with MS. For example, individuals with 

higher educational attainment or those involved in intellectually demanding activities likely 

possess a network of diverse pathways. In the case of damage to regions associated with 

these activities, the impact may be less severe, as alternative pathways can compensate 

without necessitating reinforcement of synaptic plasticity. Conversely, individuals with high 

levels of physical activity may exhibit greater resilience to damage in motor areas. 

This aspect remains unexplored in the studies presented in this thesis, primarily due to 

the absence of a validated German assessment tool. However, (premorbid) cognitive 

engagement was rather high in the longitudinal cohort, with a median of 15 years of education, 

potentially contributing to the low prevalence of cognitive decline in this cohort. 

Disease-modifying therapies have already been acknowledged as potential 

confounding factors affecting cortical excitability in chapter 3.2.1. Variability of rTMS effects. 

However, the primary objective of these therapies is to decelerate disease progression, 

thereby potentially influencing the primary outcome of study 4. Given the diverse array of 
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disease-modifying therapies and the limited sample size in the studies, controlling for the 

effects of these therapies was not feasible.  

Moreover, study 4 did not account for potential rehabilitation interventions or personal 

cognitive/physical training between follow-up assessments. Recent findings suggest that 

patients with MS, especially those with RRMS, the predominant subgroup in study 4, may 

experience positive outcomes from such interventions (Chen et al., 2021). This omission 

should be considered when interpreting the results. 

3.2.4. Unforeseen circumstances throughout the study period  

Initially, the annual follow-up plan included repeated assessments of QPS-5. However, 

due to unforeseen circumstances such as the COVID-19 pandemic and technical defects of 

the TMS coils and signal amplifier, the application of QPS-5 was halted for 12 months in total. 

To allocate resources towards recruiting new participants after the repairs and easing of 

pandemic restrictions, annual QPS-5 follow-ups were discontinued. Therefore, analysis of 

hypothesis b) was precluded in study 4.  

To ensure clinical follow-ups, video-based neuro(psychological) testing was introduced 

for follow-up assessments. Prior research has demonstrated that remote administration of the 

SDMT produces results comparable to those of in-person testing, thereby validating its 

suitability for virtual assessment of IPS (Barcellos et al., 2021; Eilam-Stock et al., 2021; Rogers 

et al., 2023). Limited research exists on the validity of virtual assessment using the BVMT-R, 

with one study suggesting higher scores in remote settings (Rogers et al., 2023). Fortunately, 

remote assessment was included as the latest follow-up in study 4 only for four participants 

(two RRMS patients and two HCs). 

During the mandatory break of the studies, a research project investigating 

neuro(psycho)logical changes in patients with COVID-19 was initiated (refer to appendix C for 

list of publications). Findings from this project and other studies indicate that COVID-19 can 

lead to neurological manifestations (Balloff, Bandlow, et al., 2023; Groiss et al., 2020; Misra et 

al., 2021), some of which may persist for months after the acute phase of the disease (Costa 

et al., 2023; Hastie et al., 2023; Legler et al., 2023). Consequently, COVID-19 might have 

influenced the outcome measures in study 4. However, recent evidence suggests that COVID-

19 did not affect disease activity, disability progression, or cognitive function in patients with 

MS (Montini et al., 2024). This is further supported by meta-analyses, which consistently found 

no association between COVID-19 and an increase in EDSS scores or higher risks of relapses 

(Aghajanian et al., 2024; Seyedmirzaei et al., 2024). 
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3.3. Implications and recommendations for future research 

Despite the limitations addressed in the previous chapters, this thesis provides 

important insights into QPS-induced plasticity in patients with MS, which had not been 

investigated beforehand.  

The associations of QPS-induced plasticity with functional outcomes imply that 

promotion of synaptic plasticity may be a promising tool to prevent clinical deterioration and/or 

to use as a rehabilitation effort. This idea has already been proposed by Stampanoni Bassi et 

al. (2022). However, the fact that corticospinal tract integrity was revealed as a prerequisite for 

these associations highlights the need to report detailed clinical characteristics in research on 

rTMS-induced plasticity in patients with MS. Although results of studies using different rTMS 

protocols are hardly comparable, consideration of the clinical characteristics may help to 

integrate the conflicting results of previous studies (see chapter 1.6. Synaptic plasticity in 

patients with MS). Further, they warrant attention in the conceptualization and interpretation of 

future studies. 

It is crucial to acknowledge that numerous factors may impact the reliability of QPS-

induced plasticity in patients with MS. The decision on which factors to control for is important 

and should consider the strains imposed on the patients. Although incorporation of ‘closed-

loop brain stimulation’ into research on plasticity induction has not yet been realized (Zrenner 

& Ziemann, 2023), this is an important aspect to consider for future studies on QPS-induced 

plasticity in patients with MS. It may offer insights into interindividual differences in response 

to QPS and rTMS in general and may, thus, increase the clinical utility of QPS-induced 

plasticity on the individual level.  

Furthermore, LMEM appears to be the best statistical method to capture relevant 

associations between QPS-induced plasticity and functional outcomes and should be 

incorporated more frequently in rTMS research. 

Applying a complex and time-consuming technique such as QPS to a cohort with 

limited physical and/or mental resilience is challenging and should not be underestimated. 

Recruitment of patients for such studies is difficult, potentially resulting in a recruitment bias to 

highly motivated patients with presumably higher levels of reserve. This specifically applies to 

patients with PMS, who are typically more severely impaired than patients with RRMS 

(Engelhard et al., 2022; McGinley et al., 2021), impeding participation in studies with extensive 

protocols due to exhaustion or mobility issues. 

Longitudinal performance of both patients with MS and HCs varied considerably on 

functional outcomes in study 4. Even when classifying into clinically meaningful 

decline/improvement based on established cut-offs in MS research considerable variation 

occurred. This highlights the need to consider that both cognitive and motor performance are 

volatile and influenced by several (un)controllable factors. Both clinicians and researchers 
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should keep in mind that performance on any of these tests only represents the performance 

on a specific day at a specific time. Therefore, further research is needed on reliable change 

in both HCs and patients with MS with annual neuro(psycho)logical assessments. 

To reflect the complexity of synaptic plasticity and to shed light on metaplastic effects, 

future research should investigate both LTP- and LTD-like plasticity in the same cohort. 

Additionally, the minimum number of required MEPs per trial to receive a reliable estimate of 

MEP amplitude requires further research not only in HCs but also in clinical cohorts. Currently, 

different recommendations exist (Chang et al., 2016; Goldsworthy et al., 2016) and, in general, 

standard errors reduce with increasing sample size. However, in clinical cohorts it is critical to 

limit the protocol to a minimum without impeding measurement reliability.

4. Conclusion 

This thesis conducted a comprehensive examination of the functional relevance of 

QPS-induced LTP-like plasticity in patients with MS. The results indicate preserved LTP-like 

plasticity across all MS subtypes and disease activity states. It was revealed that the 

consideration of clinical characteristics within patient cohorts is pivotal in synaptic plasticity 

research in MS, given that associations between LTP-like plasticity and cognitive and motor 

performance may predominantly manifest in individuals with intact pyramidal tract integrity. 

Furthermore, the results of this thesis suggest that the degree of LTP-like plasticity may be 

associated with functional decline. However, the significance of these findings warrants 

replication in other cohorts and further exploration over longer follow-up periods to ascertain 

their robustness and generalizability.  

Overall, this thesis enhances our understanding of synaptic plasticity in patients with 

MS while also addressing the methodological challenges associated with its assessment. 

While QPS-induced plasticity may emerge as an additional facet in unraveling the ‘clinico-

radiological paradox’ in patients with MS, it cannot yet be established as an independent 

biomarker for predicting disease progression at the individual level due to various 

methodological challenges.
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Appendix A: 2017 McDonald criteria for diagnosis of multiple sclerosis

Table A1. 2017 McDonald Criteria for diagnosis of multiple sclerosis in patients with an 
attack at onset 
 
 

Note. MS= multiple sclerosis; CNS= central nervous system; MRI= magnetic resonance 
imaging. Adapted from “Diagnosis of multiple sclerosis: 2017 revisions of the McDonald 
criteria” by Thompson et al. (2018). 

  

Clinical presentation   Additional data needed for MS diagnosis   
≥ 2 clinical attacks and objective clinical 

evidence of ≥ 2 lesions; or ≥2 clinical 
attacks and objective clinical evidence of 1 
lesion and clearcut historical evidence of a 
prior attack involving a lesion in a distinct 
anatomic location 

None 
 
 
 
 
 

≥ 2 clinical attacks and objective clinical 
evidence of 1 lesion 

Dissemination in space, demonstrated by 
an additional clinical attack implicating a 
different CNS site 
OR  
Demonstration of dissemination in space 
by MRI  
 

1 clinical attack and objective clinical 
evidence of ≥ 2 lesions  

Dissemination in time, demonstrated by a 
second clinical attack 
OR  
Demonstration of dissemination in time by 
MRI 
OR  
Demonstration of cerebrospinal-fluid-
specific oligoclonal bands 
 

1 clinical attack and objective clinical 
evidence of 1 lesion 

Dissemination in space and time, 
demonstrated by:  
For dissemination in space:  
A second clinical attack implicating a 
different CNS site 
OR 
Demonstration of dissemination in space 
by MRI  
 
For dissemination in time:  
A second clinical attack  
OR 
Demonstration of dissemination in time by 
MRI 
OR  
Demonstration of cerebrospinal-fluid-
specific oligoclonal bands 
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Table A2. 2017 McDonald Criteria for primary progressive multiple sclerosis (PPMS) 
 
 

Note. MS= multiple sclerosis. Adapted from “Diagnosis of multiple sclerosis: 2017 revisions of 
the McDonald criteria” by Thompson et al. (2018). 
 
  

Clinical presentation   Additional criteria   
One year of disability progression 

(retrospective or prospectively 
determined) independent of clinical 
relapse 

2 out of the following:  
1) ≥ 1 T2-hyperintense lesions in ≥ 1 

areas in the brain characteristic of 
MS (periventricular, 
cortical/juxtacortical or infratentorial) 

2) ≥ 2 T2-hyperintense lesions in the 
spinal cord 

3) Presence of cerebrospinal-fluid-
specific oligoclonal bands 
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This thesis is based on the following original research articles:  

Study 1 – Synaptic plasticity in RRMS and its association with cognitive performance 

Balloff, C.,3 Penner, I.-K.,3 Ma, M., Georgiades, I., Scala, L., Troullinakis, N., Graf, J., Kremer, 

D., Aktas, O., Hartung, H.-P., Meuth, S. G., Schnitzler, A., Groiss, S.J.,4 & Albrecht, P.4 (2022). 

The degree of cortical plasticity correlates with cognitive performance in patients with Multiple 

Sclerosis. Brain Stimulation, 15(2), 403–413. https://doi.org/10.1016/j.brs.2022.02.007 

Conceptualization & methodology: I defined the research question and analysis plan in 

consultation with S.J. Groiss, P. Albrecht, and I.-K. Penner based on the experimental design, 

which was created by S.J. Groiss, P. Albrecht, and I.-K. Penner. 

Investigation & project administration: I supervised recruitment of participants and data 

collection. I recruited participants and independently performed neuropsychological tests and 

rTMS. I was also responsible for data curation. Project administration was performed by me, 

S.J. Groiss, P. Albrecht, and I.-K. Penner. S.J. Groiss and P. Albrecht conducted neurological 

assessments. M. Ma, I. Georgiades and L. Scala recruited participants and conducted 

neuropsychological tests and rTMS under supervision. N. Troullinakis, J. Graf, D. Kremer, O. 

Aktas, S.J. Groiss and P. Albrecht contributed to the recruitment of participants. 

Formal analysis: I conducted the statistical analyses independently and reviewed them for 

correctness.  

Resources: S.J. Groiss, P. Albrecht, and I.-K. Penner provided funding for this study. Further 

resources were provided by H.-P. Hartung, S.G. Meuth and A. Schnitzler. 

Manuscript: I wrote the initial manuscript, which included all steps from comprehensive 

literature research to final formulation. I created the figures and tables independently. I 

coordinated the scientific review process at the journal. During this process, with the assistance 

of I.-K. Penner, S.J. Groiss, and P. Albrecht, I made revisions. I prepared the final version of 

the manuscript. All authors critically reviewed the manuscript. I.-K. Penner, S.J. Groiss, and P. 

Albrecht additionally contributed to the original draft.  

 
3 Shared first authorship.  
4 Shared last authorship. 
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Fig. A1. Illustration of the QPS protocol. 

 
Note. The figure represents the time course of the repetitive transcranial magnetic 
stimulation protocol. QPS = Quadripulse stimulation; MEP = Motor evoked potential. 

 

Fig. A2. QPS-induced plasticity in RRMS patients with impairment in the SDMT (a) and 
BVMT-R (b) compared to patients without impairment in these tests. 

 
 

 
Note. This figure shows the averaged difference between the pre and post QPS MEP 
amplitude per time point in RRMS patients with cognitive impairment. The left part (a) of the 
figure displays the data for patients with impairment in the SDMT and the right part (b) 
displays the data for patients with impairment in the BVMT-R. QPS = Quadripulse 
stimulation; RRMS = Relapsing-remitting Multiple Sclerosis; CI=Cognitive impairment; 
BVMT-R = Brief Visuospatial Memory Test Revised; SDMT= Symbol Digit Modalities Test. 

  



   Appendix B – Study 1 

LXIX 

 



   Appendix B – Study 1 

LXX 

 



   Appendix B – Study 1 

LXXI 

  



   Appendix B – Study 2 

LXXII 

Study 2 – Synaptic plasticity during acute relapses 

Balloff, C., Novello, S., Stucke, A.-S., Janssen, L. K., Heinen, E., Hartmann, C. J., Meuth, S. 

G., Schnitzler, A., Penner, I.-K.,5 Albrecht, P.,5 & Groiss, S. J.5 (2023). Long-term 

potentiation-like plasticity is retained during relapse in patients with Multiple Sclerosis. 

Clinical Neurophysiology: Official Journal of the International Federation of Clinical 

Neurophysiology, 155, 76–85. https://doi.org/10.1016/j.clinph.2023.07.013 

Conceptualization & methodology: I defined the research question and analysis plan in 

consultation with S.J. Groiss, P. Albrecht, and I.-K. Penner based on the experimental design, 

which was created by S.J. Groiss, P. Albrecht, and I.-K. Penner. 

Investigation & project administration: I supervised recruitment of participants and data 

collection. I recruited participants and independently performed neuropsychological tests and 

rTMS. I was also responsible for data curation. Project administration was performed by me, 

S.J. Groiss, P. Albrecht, and I.-K. Penner. S.J. Groiss, P. Albrecht and C.J. Hartmann 

conducted neurological assessments. S. Novello, A.-S. Stucke, L.K. Janssen and E. Heinen 

recruited participants and conducted neuropsychological tests and rTMS under supervision. 

P. Albrecht and S.J. Groiss contributed to the recruitment of participants. 

Formal analysis: I conducted the statistical analyses and reviewed them for correctness. 

Resources: S.J. Groiss, P. Albrecht, and I.-K. Penner provided funding for this study. Further 

resources were provided by S.G. Meuth and A. Schnitzler. 

Manuscript: I wrote the initial manuscript, which included all steps from comprehensive 

literature research to final formulation. I created the figures and tables with contributions of E. 

Heinen. I coordinated the scientific review process at the journal. During this process, with the 

assistance of I.-K. Penner, S.J. Groiss, and P. Albrecht, I made revisions. I prepared the final 

version of the manuscript. All authors critically reviewed the manuscript. 

  

 
5 Shared last authorship. 
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Study 3 – Synaptic plasticity in PMS and its association with motor performance 

Balloff, C.,6 Albrecht, P.,6 Stucke, A.-S., Scala, L., Novello, S., Hartmann, C. J., Meuth, S. G., 

Schnitzler, A., Penner, I.-K.,7 & Groiss, S.J.7 (2023). The importance of pyramidal tract integrity 

for cortical plasticity and related functionality in patients with multiple sclerosis. Frontiers in 

Neurology, 14, Article 1266225. https://doi.org/10.3389/fneur.2023.1266225  

Conceptualization & methodology: I defined the research question and analysis plan in 

consultation with S.J. Groiss, P. Albrecht, and I.-K. Penner based on the experimental design, 

which was created by S.J. Groiss, P. Albrecht, and I.-K. Penner. 

Investigation & project administration: I supervised recruitment of participants and data 
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rTMS. I was also responsible for data curation. Project administration was performed by me, 

S.J. Groiss, P. Albrecht, and I.-K. Penner. S.J. Groiss, P. Albrecht and C.J. Hartmann 

conducted neurological assessments. A.-S. Stucke, L. Scala, S. Novello recruited participants 

and conducted neuropsychological tests and rTMS under supervision. A.-S. Stucke provided 

support in data curation. P. Albrecht and S.J. Groiss contributed to the recruitment of 

participants. 

Formal analysis: I conducted the statistical analyses with contributions by A.-S. Stucke and 

reviewed them for correctness. 

Resources: I provided funding for the open access fee. P. Albrecht provided funding for this 

study. Further resources were provided by S.G. Meuth and A. Schnitzler.  

Manuscript: I wrote the initial manuscript, which included all steps from comprehensive 

literature research to final formulation. I created the figures and tables. I coordinated the 

scientific review process at the journal. During this process, with the assistance of I.-K. Penner, 

S.J. Groiss, and P. Albrecht, I made revisions. I prepared the final version of the manuscript. 

All authors critically reviewed the manuscript. I.-K. Penner, S.J. Groiss, and P. Albrecht 

additionally contributed to the original draft. 
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Study 4 – Prognostic value of synaptic plasticity for disease progression 

Balloff, C., Janssen, L.K., S., Hartmann, C. J., Meuth, S.G., Schnitzler, A., Penner, I.-K.,8 & 

Albrecht, P.8 (2024). Predictive value of synaptic plasticity for functional decline in patients with 

multiple sclerosis [Manuscript submitted for publication].  

Conceptualization & methodology: I defined the research question and analysis plan in 

consultation with P. Albrecht and I.-K. Penner based on the experimental design, which was 
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Resources: I provided funding for the open access fee. P. Albrecht provided funding for this 

study. Further resources were provided by S.G. Meuth and A. Schnitzler.  
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